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A study was made on the development of an organic field effect transistor starting from a polyester 
fibre as substrate material, which is needed for the development of fully integrated electronic 
textiles. For the deposition of subsequent layers focus was on low temperature processes that 
would allow economically viable upscaling.  

Gate layer is deposited in two steps. A polypyrrole layer deposited during 180’ at 4°C followed by 
electroless plating of a DC conductive copper layer.  For the copper deposition ideal pH was found 
at 13. Ideal reaction time was 6 minutes. A correlation between reaction time, layer thickness and 
conductivity was found. Resistivity of the copper layer was 6,5.10

-7
Ω.m. The fibre diameter had a 

huge impact on reproducibility and conductivity of the copper layer. The best results were found for 
a diameter of 888 µm. The layer had a very good stability over time in ambient conditions. The 
roughness was 45±1nm RMS.  

The dielectric layer consisted of polyimide, dipcoated from DMF or NMP solution. High humidity 
was shown to cause a deterioration of the surface morphology, due to vapour induced phase 
separation. This can be visually observed by a whitening of the film and caused by high film 
porosity and roughness. Films that underwent whitening were shown to have a much lower 
capacitance associated with increase in layer thickness and porosity. Phase separation sensitivity 
to moisture was found to depend on the used solvent mixing potential. Evaporation of solvent in dry 
conditions at 60°C was shown to improve the morphology significantly and resulted in a dense 
transparent film. The roughness improved with almost two orders of magnitude to about 0,1nm.  
Ideal combination of PI concentration and withdrawal rate was found to be 15w% and 50 mm/min 
for both DMF and NMP. This combination of parameters resulted in a minimal film thickness of 550 
nm with leak current in the order of 0,1 nA and an estimated capacitance of 31,15 nF/cm². 

Gold electrodes were deposited using vacuum evaporation. Both bottom- and top-contact 
architecture have been tried. Fibre masking was shown to result in a good isolating channel layer 
with a length of 73,1 µm when using a masking fibre of 150 µm. 

TIPS-pentacene was chosen as a self-organizing soluble organic semiconductor. It has a bad 
solubility in dodecane and good solubility in aromatic solvents such as toluene and tetralin. 
Wettability of the dielectric layer coated at low humidity was good on flat substrates, but rather poor 
on fibres. Corona treatment has been used to improve wettability. A homogeneous film was 
deposited by dipcoating from 2w% toluene solution at a withdrawal rate of 100 mm/min. Drop-
casting did not result in a good film. Obtaining a measurable transistor effect will require further 
research in terms of optimisation in deposition method and conditions of the active layer. Especially 
ink-jet printing could be an interesting path to examine more closely.  
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Abstract: A study was made for the development of a flexible 

organic field effect transistor starting from a polyester fibre as 

substrate material. Focus of subsequent layer deposition was on 

low temperature soluble processes to allow upscaling. Gate 

layer consists out of a pyrrole polymerization and copper 

coating step. Polyimide dielectric layer was deposited using 

dipcoating. Gold electrodes were vacuum evaporated and 

patterned via mask fibre shadowing. The active layer consisted 

of a soluble p-type TIPS-pentacene organic semiconductor. 

Different deposition techniques have been examined. 

Considerable progress in development of a transistor has been 

made. 

Keywords: Dipcoating - TIPS-pentacene - Fibrous transistor - 

Polyimide 

I. INTRODUCTION 

Development of fibrous flexible transistors is required for 

fabrication of fully integrated flexible electronics. Acting as 

electrical switches, fibrous transistors would enable to make 

electrical circuits directly on fabric level using CAD/CAM 

weaving systems. Furthermore transistors could also be used 

as sensor devices, as they are sensitive towards external 

stimuli such as chemicals, heat and radiation. These 

influences can alter the charge carrier mobility, which can be 

measured as a difference in source-drain current. 

Furthermore, due to their flexibility the ratio between 

channel width and channel length (W/L ratio) in the 

transistor could vary enabling functionality as motion 

sensors.  

  

Another area of application is to be found in medical field 

for monitoring, permanent treatment and rehabilitation via 

electrostimulation [1]. Fibrous transistors integrated on the 

fabric level could act as switches that could activate or 

disable actuators. They can be used in logical circuits to alter 

the behaviour of the clothing depending on ambient 

conditions. It would be possible to measure the temperature 

of the wearer and accordingly activate a heating or cooling 

system without decreasing the wearers’ comfort by large 

electronic devices.  Sports, military and civil security are 

other important fields of interest. 

 

The goal of the project was to build an organic field 

transistor directly on fibrous polyester (PES) substrate as a 

cost-effective and flexible base. Solution-based methods 

have been investigated for application of the gate electrode, 

dielectric and semiconductive layer. The focus was on 

material choice and properties. 

II. MATERIALS AND METHODS 

PES fibres with diameters ranging from 150 - 888 µm 

served as substrate material. They were supplied by Teijin.  

 

A bottom-gate, top-contact configuration was preferred as 

illustrated in Figure 1. Top contact allows easy formation of 

interconnects using crossing wires woven in beads of low-

temperature solder as reported by Lee et al. [2]. At some 

points along the fibre the coating could be discontinued at 

the level of the gate layer to allow the same approach for 

gate contact. In Figure 2 is schematically illustrated how to 

realise an AND-gate in a woven structure using only two  

p-type fibrous transistors.  

A. Gate electrode 

First a polypyrrole layer is coated after extensive washing 

in 2,0 M NaOH solution at 80 °C during 30 minutes of the 

substrate material to avoid delamination. The reaction 

mechanism is described in Mattila et al. [3] and the used 

concentrations were as reported by Gasana et al. [4]. 

Monomer and activation solutions are prepared in equal 

volumes. Concentration of pyrrole as a monomer was 0,04 

M. Ferric chloride (FeCl3) was used as an activator in 

concentration of 0,093 M. To the latter, benzoic suphonic 

acid (BSA) was added in a concentration of 0,013 M as an 

anionic doping stabilizing agent [5]. Mixing both solutions 

initiated the reaction. The reaction proceeded at 4 °C, 

because at higher temperature too many side-branches would 

be formed disrupting the continuous film formation. At 

lower temperature reaction speed is too slow [4]. Ideal 

reaction time was determined.   

 

Polypyrrole acts as a host material for the deposition of the 

copper gate layer. Sensitization and activation with tin-

chloride (SnCl2) - palladium-chloride (PdCl2) solution is 

required. Tin (Sn) is required to initiate palladium (Pd) 

chemisorption [4], but has to be removed in an acceleration 

step using 1w% hydrochloric acid (HCl) solution during two 

minutes. Now, the chemisorbed Pd-centra acting as a 

catalyst for the copper (Cu) deposition are exposed. The 

copper layer is deposited using electroless plating reduction 

reaction according to Gasana et al. [4]. 

 

Copper sulphate and formaldehyde at a respective 

concentration of 0,04 M and 0,167 M were ideal 

concentrations for the redox reaction of which the 

mechanism can be found in equation (1). Minimal pH to 

activate the formaldehyde half-cell equation was found to be 

12 [6]. The ideal pH for the reaction had to be determined. 
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Electrical characterization of the obtained copper layer 

was done using four-point measurement with flat alligator 

clamps. Distance between voltage probes was 2,5 cm. The 

resistivity was determined using Pouillet’s law as given in 

equation (2). In this equation R is the measured resistance in 

Ω, ρ is the resistivity in Ω.m, l is the length of the electrode 

and A is the area for charge transport. 

l
R

A


   (2) 

 

 

Figure 1. Schematic representation of bottom-gate - top-contact 

architecture of fibrous organic field effect transistor 

 

 

Figure 2. Electronic AND-gate realization using interwoven fibrous 

transistors 

B. Dielectric layer 

The dielectric layer, which will be at the interface with the 

organic semiconductor, has to fulfil a wide range of 

requirements. It needs to be isolating to minimize gate 

leakage, while maintaining minimum thickness and 

maximum dielectric constant to exhibit an as high as 

possible capacitance. A higher capacitance is required to 

maximize the drain-source current in a transistor with 

minimal gate voltage, as follows from equation (3) and (4) 

used to calculate the drain-source current IDS in respectively 

linear and saturation regime. In these equations µFE is the 

field effect mobility, Cox is the capacitance of the dielectric, 

VGS and VDS are the gate-source and drain-source voltage 

respectively, VT is the threshold voltage. As the transistor 

will be in close contact to humans, low working voltages are 

indispensable. Furthermore a minimal roughness is required 

in order to reduce inhomogenities that might act as charge 

traps decreasing the transistor performance. Polyimide (PI) 

was chosen as the dielectric material because of good 

biocompatibility, solution processability, water and common 

solvent stability, a relatively good dielectric constant and 

good isolating properties. Dimethylformaldehyde (DMF) 

and N-methyl-2-pyrrolidone (NMP) were used as solvents. 

To remove any impurities, samples were pretreated in 

methanol, followed by extensive drying. The polymeric film 

was deposited using dipcoating and finally the dielectric 

layer was formed by evaporating the solvent. The effect of 

drying conditions on film morphology and electrical 

properties was examined. 
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C. Semiconductive layer 

Two types of organic semiconductors can be 

distinguished, polymeric and small organic molecules. With 

the latter the highest field effect mobilities have been 

achieved [7]. Pentacene based thin film transistors have been 

reported with mobilities as high as 3cm²/V.s [8, 9], which is 

higher than that of amorphous silicon ranging from 0,1-

1cm²/V.s [7]. The main disadvantage is the poor solubility of 

pentacene molecules in organic solvents at room temperature 

[10] and therefore the more expensive high-vacuum vapour 

deposition is mainly used for deposition of pentacene [11]. A 

lot of research has been focussed on development of soluble 

organic semiconductors that would allow low-cost solution 

processing techniques. The has been achieved using 

permanently functionalized linearly-fused chromophores. 

Incorporation of substituent in the central positions of 

chromophores can strongly improve the solubility, while at 

the same time improving the π-orbital overlap. The 

substituents take advantage of both steric and π-stacking 

interactions to induce these chromophores to self-assemble 

into arrays with strong intermolecular electronic coupling 

which yields uniform fields with significant long-range 

crystalline order [12]. Because of its versatile solution 

processability and high charge carrier mobility, 6,13-

bis(Triisopropylsilylethynyl)pentacene (TIPS-pentacene) has 

been the most intensively investigated compound of all 

examined soluble small organic semiconductors [9, 13, 14]. 

Due to its molecular structure, as illustrated in Figure 3, 

TIPS-pentacene molecules will form cofacial 2D π-stacked 

structure with a π-face separation of 3,43 Å and π-overlap of 

7,73Å² [12, 15]. This structure leads to relatively high field 

effect mobilities, generally in the order of 10
-1 

cm²/V.s with 

the highest reported field effect mobility for TIPS-pentacene 

drop casted from a 2w% toluene solution of 1,8 cm²/V.s 

[14].  

 

Figure 3. Molecular structure of TIPS-pentacene 

Boiling point and aromaticity are important properties of 

the solvent for solution process. Aromatic solvents will 



 

 

solvate the π-conjugated part of the molecule, rather than the 

substituents as is the case for non-aromatic solvents [16]. 

Slower solvent evaporation rate encouraged by high boiling 

point solvents facilitates the growth of highly ordered films 

and has a positive effect on film morphology [14, 17]. 

D. Source and drain electrodes 

Electrodes were deposited using vacuum evaporation, both 

for bottom and gate configuration. The used material was 

gold, because the work function of this metal (5,1 eV) 

corresponds very well with the work function of TIPS-

pentacene of 5,3 eV [18]. This reduces contact resistance for 

charge injection. Different masking approaches have been 

attempted. Fibre masking was preferred because of its 

applicability in common textile processes [2]. In a metal 

plate with a thickness of 100 µm a rectangular hole of 600 

µm x 1,5 cm was cut using laser ablation. Masking of the 

channel was done using a fibre with diameter of 150 µm 

fixed in the middle of the rectangular slit. 

E. Characterisation methods 

Layer thicknesses of the various layers were determined 

using resin embedding and analysing the cross section using 

optical microscopy. Morphology was analysed using optical 

microscopy, SEM, FIB and AFM. 

III. RESULTS AND DISCUSSION 

A. Gate electrode 

The importance of a good polypyrrole layer to enable 

copper deposition was examined. To this end the washing 

step of the PES substrate was skipped. A poorly coated PES 

fibre was the result. On some fibres with a good layer the 

polypyrrole layer was mechanically removed. On subsequent 

copper coating an inhomogeneous layer with an increased 

resistance and in some cases no DC conduction was 

obtained. The only places where some copper layer had 

formed, was where there was a good polypyrrole layer. This 

is explained by the fact that chemisorption of the palladium 

(Pd) atoms is favoured on the nitrogen-centra (N-centra) in 

the polypyrrole chains, because of their high affinity for 

metal [6]. The N-centra in the polypyrrole are required to 

allow a good deposition of the Pd catalysts in order to 

initiate the electroless copper plating reaction. 

 

Ideal reaction time of the pyrrole polymerisation was 

determined at 180 minutes. If the reaction time was shorter, 

a thinner and lighter polypyrrole layer was obtained. The 

subsequent copper coating had a higher resistance and lower 

reproducibility. A longer reaction time was avoided because 

of the increased risk of delamination. It was observed that 

the good polypyrrole layer lead to a decrease of surface 

inhomogenities arising from the substrate material. 

Polypyrrole coating was tested on PES fibres with a 

diameter ranging from 150 to 888 µm. It could be concluded 

a good polypyrrole layer had been obtained independent of 

the fibre diameter.  

 

For the electroless plating ideal pH was examined. pH was 

varied from 9,419 to 13,227 corresponding to a NaOH 

concentration ranging from 0,05 to 2 M. All samples were 

coated for five minutes, unless mentioned differently.  At pH 

lower than 12 no reaction occurred at all. A minimal 

concentration of 0,10 M corresponding to a pH of 12,147 

was required to initiate the copper coating reaction. The 

standard redox potential of formaldehyde depends on the pH 

and a minimal pH of 12 was required for the oxidation half-

reaction to proceed. However, after five minutes no DC 

conductive coating was obtained and reaction time had to be 

extended to 20 minutes. Measuring the resistance of the 

samples after five minutes of reaction time indicated the 

resistance decreased with increasing pH until it reached 13. 

Increasing pH even more did not result in a further decrease 

in resistance. The ideal concentration of NaOH to obtain a 

pH of 13 was 0,30 M. This concentration of NaOH was used 

for all other experiments. 

 

Further, the ideal reaction time was determined by varying 

the reaction time from 1 to 30 minutes. A minimum reaction 

time of five minutes was required in order to obtain a DC 

conductive layer. Increasing reaction time resulted in a 

decrease in resistance as the copper layer thickness 

increased. Also the reproducibility at higher reaction time 

was improved. During the copperplating reaction hydrogen 

gas bubbles are formed. Because the copper plating reaction 

is autocatalytic, copper layers are deposited on top of each 

other, which increases the risk of gas bubbles getting 

entrapped. This leads to layer delamination as is illustrated 

in Figure 4. An ideal reaction time of six minutes was 

chosen.  

 

 

Figure 4. Copper layer after reaction time of five minutes (left) and 

30 minutes (right) 

Assuming a concentric layer model where current only 

flows through the copper layer resulted in an estimation of 

6,5.10
-7

 Ω.m for the resistivity. As the resistivity of pure 

copper is 1,72.10
-8 

Ω.m, this increase in resistivity was 

attributed to impurities and inhomogenities in the copper 

layer as well as the observation that there is a very close 

interaction between the copper layer and the polypyrrole 

layer. It appears that the copper and polypyrrol layer form a 

close hybrid. 

 

As illustrated in Figure 5 the thickness of the polyester 

substrate fibre had a significant influence on the measured 

resistance as well on the reproducibility. The thickness of the 

copper layer seemed unaffected by the fibre diameter. Based 

on optical measurements at a reaction time of six minutes 

and pH of 13 an average thickness of 2,32 ± 0,28 µm was 

estimated. As the fibre diameter decreased, the area for 

charge transport decreased as well, according to Pouillet’s 

law. This was reflected in an increase in resistance. For 

smaller fibres, small defects in the copper layer have a much 

larger effect on the resistance, because less area is available 

for the current to reroute. This explains the decreased 

reproducibility and the observation that the theoretical value 



 

 

corresponded more to the minimal empirical resistance 

measurements, rather than the average measured resistance 

in Figure 5. For this reason in further tests fibres with 

diameter of 888 µm were used.   

 

 

Figure 5. Resistance of copper layer in function of fibre diameter 

Stability of the copper layer was tested over a period of 28 

days in ambient conditions. No significant increase in 

resistance was observed. A stable copper layer had been 

obtained. The copper layer had a roughness of 45 ± 1 nm. 

B. Dielectric layer 

The dielectric layer was deposited from DMF solution 

varying concentration from 7,5 to 17,5w%. Thickness was 

shown to increase with increasing concentration and 

withdrawal rate. On increasing thickness the leak current 

decreased. During drying in ambient conditions a whitening 

of the dielectric layer was observed. The surface was 

characterised by a cellular morphology with a roughness in 

the order of 107 ± 2 nm, as illustrated in the left side of 

Figure 6 and Figure 7. Using NMP as a solvent, when 

ambient relative humidity was below 25%, resulted in a 

transparent film. Coating from 12,5w% PI/NMP solution 

with withdrawal rate of 50 mm/min and drying at relative 

humidity resulted in a decreased roughness of 34 ± 5 nm was 

observed. When relative humidity was increased, also a 

whitening of the NMP based film was observed. This was 

associated with appearance of a cellular surface morphology. 

Both NMP and DMF are good solvents for water, which is 

not a solvent for PI. As follows from the ternary phase 

diagram of the PI/NMP/water system at low water 

concentration the mixture stays in the homogeneous region. 

When the water concentration exceeds a certain threshold 

value, a phase separation in a polymer rich and polymer lean 

phase occurs, which is associated with a deterioration of the 

surface morphology. This phenomenon is described in 

literature as vapour induced phase separation [19, 20]. It was 

observed the demixation time of the DMF based sample to 

induce vapour induced phase separation was much lower. 

This indicated the sensitivity of the DMF/PI system towards 

water is much higher compared to NMP. Drying the samples 

in an oven at 60 °C, with much lower relative humidity 

ensured the drying could occur in the homogenous region. 

This was associated with a significant improvement in the 

morphology (Figure 6 right). Both NMP and DMF based 

samples coated 15w% solution at 50 mm/min had a 

roughness of 0,375 ± 0,007 nm (Figure 7 right).   

 

 

Figure 6. SEM analysis 15w% PI/DMF solution coated sample at 

withdrawal rate of 50 mm/min and dried in ambient conditions 

(left) and in oven at 60 °C (right) 

 

Figure 7. AFM sample coated from 15w% PI/DMF solution at 

withdrawal rate of 12,5mm/min and dried in ambient conditions 

(left) and at withdrawal rate of 50 mm/min and dried in oven at 60 

°C (right) 

Drying conditions had furthermore an important effect on 

the other parameters of the dielectric layer. Drying at high 

relative humidity resulted in an increased porosity of the 

dielectric layer. This resulted in an increased thickness of the 

dielectric layer, a reduced capacitance and lower dielectric 

constant. The reduction in the capacitance was 

approximately with a factor 10 and was more pronounced 

when using DMF as a solvent.  The leak current also 

decreased as a result of the porosities and increased 

thickness. Thin, dense transparent films obtained from 

15w% PI/DMF solution at a withdrawal rate of 50 mm/min 

that dried in an oven at 60 °C resulted in a dielectric layer 

with the best parameters. The layer was characterised by an 

estimated capacitance of 31,15 nF/cm², a thickness of 550 

nm and a leak current in the order of 10
-10

 A, when a gold 

evaporated contact was applied with an area of 74 mm². 

Samples coated at 75 mm/min from the same solution were 

used for further experiments because a thickness of 770 nm 

should ensure there was no gate leakage. If dielectric layer 

thickness was increased more, so did the risk for gate 

leakage due to the appearance of cracks in the dielectric 

layer. 

C. Semiconductive layer 

As solvents pure dodecane, tetralin and toluene were used 

with respective boiling points of 216 °C, 207 °C and 110,63 

°C. Dodecane had a bad solubility of TIPS-pentacene and 

was saturated at a concentration below 2w%. Toluene and 

tetralin are both excellent solvents. Bottleneck at this stage 

of the research was the deposition of the semiconductive 

layer on the cylindrical substrate. Wettability of the 

dielectric layer was tested on a flat substrate. A PI layer that 

dried in an oven at ambient conditions showed a good 

wetting of the used solvents. The wetting of the solvents on a 

PI layer that dried in ambient conditions and underwent a 

whitening of the film was worse, although they had a better 



 

 

hydrophilicity due to the surface roughness. It was 

demonstrated the TIPS-pentacene morphology depends 

strongly on the used solvent by dropcasting on a glass 

substrate. Using a mixture of 25vol% dodecane and 75vol% 

toluene lead to larger crystals due to Marangoni flow [9]. A 

homogeneous and crystalline film was obtained from 2w% 

toluene and 1w% tetralin solution although they both 

exhibited a ring like behaviour on the periphery known as 

the “coffee stain” effect. TIPS-pentacene was first deposited 

using dipcoating. The most homogeneous result was 

obtained when dipcoating from 2w% TIPS-

pentacene/toluene solution at 100 mm/min, as illustrated in 

Figure 8. Thickness was estimated around 170 nm using a 

FIB cross section. Using top-contacted configuration did not 

result in any measurable transistor effect.  

 

 

Figure 8. TIPS-pentacene semiconductive layer dipcoated from 

2w% toluene solution at 100 mm/min 

Drop casting the solution using a bottom contact 

configuration was attempted from the different solutions. 

The resulting semiconductive layer had a poor morphology 

and it was hard to position the semiconductive layer exactly 

on top of the channel. Furthermore the wettability on the 

gold electrodes as well as the dielectric layer was very poor. 

This was caused by the cylindrical structure, which made 

wetting harder than on a flat substrate. It was observed 

droplets rolled to the backside of the fibre after a drop had 

been deposited.  As illustrated in Figure 9 wetting was 

strongly improved using corona treatment. Nevertheless no 

good semiconductive layer had been obtained. It was 

attempted to deposit the semiconductive layer directly on the 

dielectric layer using dropcasting to improve positioning of 

the channel. During mask application there was a 

delamination of the semiconductive layer.  

 

 

Figure 9. Wettability of the PI dielectric layer before (left) and after 

(right) corona treatment  

D. Source and drain electrodes 

Using a fibrous channel mask with a diameter of 150 µm 

resulted in a channel length of 73,1 µm as illustrated in 

Figure 10. The channel is smaller than the mask diameter, 

because the cylindrical masking fibre only makes contact 

with a relatively small area of the substrate fibre, due to the 

applied pressure. Using masking fibres with a smaller 

diameter resulted in a smaller channel length, but the 

reproducibility to obtain a channel without leakage 

decreased. Using masking fibres of 150 µm was therefore 

preferred.  

 

 

Figure 10. Channel length of 73,1 µm using masking fibre of 150 

µm 

IV. CONCLUSION 

A stable DC conductive copper layer had been obtained. 

Reaction time of the host polypyrrole layer was ideal at 180 

minutes. Ideal pH for the electroless copper deposition was 

determined at 13. Ideal reaction time is at 6 minutes. 

Increasing fibre diameter significantly improved 

reproducibility and conductivity. A fibre diameter of 888 µm 

was selected for further experiments. Deposition of a 

dielectric layer using dipcoating from either DMF or NMP 

resulted in a good morphology when dried at 60 °C in dry 

conditions. Best results were obtained when coating from 

15w% PI/DMF solution at 50 mm/min. Gold source and 

drain electrodes were successfully evaporated and a channel 

of 73,1 µm was obtained using masking with a fibre of 150 

µm. TIPS-pentacene was chosen as a semiconductor. 

Deposition of the semiconductive layer is a bottleneck in the 

current research. 
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Abstract: Een studie werd gemaakt voor de ontwikkeling van 

een flexibele organische veld effect transistor vanaf een 

polyester vezel als substraatmateriaal. Focus betreffende de 

afzetting van latere lagen was op lage temperatuur processen 

vanuit oplossing om opschaling mogelijk te maken. De basis-

laag bestond uit een pyrrol polymerisatie en koperlaag. De 

diëlektrische polyimide laag werd afgezet met behulp van 

dipcoating. Goud elektroden werden vacuüm verdampt en het 

patroon werd gemaakt via een vezel masker. De actieve laag 

bestond uit een oplosbare p-type TIPS-pentaceen organische 

halfgeleider. Verschillende depositie technieken werden 

onderzocht. Er is aanzienlijke vooruitgang in de ontwikkeling 

van een transistor geboekt. 

 

Trefwoorden:    Dipcoating - OFET - TIPS-pentaceen -  

                           Polyimide – Vezeltransistor 

I. INTRODUCTIE 

Ontwikkeling van flexibele vezeltransistors is nodig voor 

de productie van volledig geïntegreerde flexibele 

elektronica. Werkend als elektrische schakelaars, zouden 

vezeltransistors ons in staat moeten stellen rechtstreeks 

elektrische circuits, op het niveau van weefsel, met behulp 

van CAD/CAM systemen te weven. Bovendien kunnen 

transistors ook gebruikt worden als sensoren. Dit komt 

doordat ze gevoelig zijn voor externe prikkels, zoals 

chemicaliën, warmte en straling. Ten gevolge van deze 

externe invloeden kan de veld effect mobiliteit veranderen. 

Die verandering kan dan gemeten worden als een wijziging 

in de emitter – collecter stroom. Vanwege hun flexibiliteit 

kan de W/L verhouding in de transistor variëren waardoor ze 

functioneren als bewegingssensoren. 

 

Een belangrijk toepassingsgebied is op medisch vlak, 

vooral het monitoren, de permanente behandeling en 

revalidatie via elektrostimulatie [1]. Vezeltransistoren 

kunnen fungeren als schakelaars die actuatoren kunnen aan- 

of uitschakelen. Ze kunnen gebruikt worden in logische 

circuits om het gedrag van kledij aan te passen aan de 

omgevingsomstandigheden. Zo zou het met vezeltransistoren 

mogelijk worden de temperatuur van de drager te meten en 

naargelang de omstandigheden een verwarming of 

koelingselement te activeren zonder het draagcomfort te 

verminderen. Sport, militaire en civiele veiligheid zijn 

andere belangrijke terreinen. 

 

Het doel van het project is een organische veld-effect  

transistor te ontwikkelen rechtstreeks van polyester (PES) 

substraat vezels als een goedkoop en flexibel basismateriaal. 

Oplossing gebaseerdere methoden werden in dit werk 

onderzocht voor het aanbrengen van de gate-electrode, de 

diëlektrische laag en de halfgeleidende laag. De focus lag op 

materiaalkeuze en materiaaleigenschappen. 

II. MATERIALEN EN METHODEN 

PES vezels met een diameter variërend van 150 – 888 μm 

dienden als substraat. Ze werden geleverd door Teijin. Een 

bottom-basis top-contact configuratie werd verkozen, zoals 

aangegeven in Figuur 1. Top-contact zorgt voor een vlotte 

vorming van verbindingen met behulp van overlappen van 

geweven draden zoals gerapporteerd door Lee et al. [2]. Op 

sommige punten van de vezel kan de coating worden 

onderbroken op het niveau van de basis-laag om op dezelfde 

manier contact mogelijk te maken met de basis. In Figuur 2 

wordt schematisch geïllustreerd hoe een EN-poort te 

realiseren is in een geweven structuur met slechts twee p-

type vezeltransistors.  

 

 

Figuur 1. Schematische voorstelling van een bottom basis - top-

contact architectuur van een vezel OFET 

 

Figuur 2. Electronische realisatie van een EN-poort gebruik 

makend van vezeltransistoren 

A. Basis elektrode 

Eerst werd een laag bedekt met polypyrrol na uitvoerig 

wassen in 2,0 M NaOH-oplossing bij 80 °C gedurende 30 

minuten van het substraat materiaal om delaminatie te 

voorkomen. Het reactie mechanisme is beschreven in 

Mattila et al. [3] en de gebruikte concentraties werden 

gemeld door Gasana et al. [4]. Monomeer en activering 



 

 

oplossingen worden bereid in gelijke volumes. Concentratie 

van pyrrol als monomeer was 0,04 M. Ijzerchloride (FeCl3) 

werd gebruikt als een activator in de concentratie van 0,093 

M. Benzoisch sulfonzuur (BSA) werd toegevoegd in een 

concentratie van 0,013 M als anionische stabiliserend dopant 

[5]. Het mengen van beide oplossingen startte de reactie die 

verliep bij 4 °C. Bij hogere temperatuur worden te veel 

zijtakken gevormd die continue filmvorming onderbreken. 

Bij lagere temperatuur is de reactiesnelheid te traag [4]. De 

ideale reactietijd moest worden bepaald. 

 

Polypyrrol fungeert als gastmateriaal voor de afzetting van 

de koperen basis laag. Sensitisatie en activering met Tin-

chloride palladium-chloride (SnCl2-PdCl2)-oplossing was 

nodig. Tin (Sn) was nodig om Pd chemisorptie te initiëren, 

[4] maar moet worden verwijderd in een “versnellende” stap 

met behulp van 1w% HCl-oplossing gedurende twee 

minuten. De blootgestelde gechemisorbeerde Pd-centra 

fungeren als katalysator voor de Cu depositie. De koperlaag 

wordt afgezet met behulp van stroomloze reductiereactie 

volgens Gasana et al. [4]. 

 

Kopersulfaat en formaldehyde in een concentratie van de 

respectievelijk 0,04 M en 0,167 M waren ideaal als 

concentraties voor de redoxreactie waarvan het mechanisme 

kan worden gevonden in vergelijking (1). Er bleek een 

minimale pH-waarde voor het activeren van de 

formaldehyde-half-vergelijking van 12 [6]. Ideale reactie pH 

moest worden bepaald.  
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Elektrische karakterisering van de bekomen koperlaag 

werd gedaan met behulp van vierpuntsmeting met platte 

krokodillenklemmen. Afstand tussen de spanning probes 

was 2,5 cm. De weerstand werd berekend met behulp van de 

wet van Pouillet zoals gegeven in vergelijking (2). In deze 

vergelijking is R de gemeten weerstand in Ω, ρ is de 

resistiviteit in Ω.m, l is de lengte van de geleiding en A is the 

de area voor ladingstransport.  

l
R

A


   (2) 

B. Diëlektrische laag 

De diëlektrische laag, die zich zal bevinden aan het 

raakvlak met de organische halfgeleider moet voldoen aan 

een breed pakket van eisen. Het moet isoleren om basis 

lekkage zoveel mogelijk te beperken, met behoud van een 

minimale dikte en maximale diëlektrische constante en een 

zo hoog mogelijke capaciteit. Een hogere capaciteit is nodig 

om de collecter-emitter stroom in een transistor met een 

minimale basis spanning te maximaliseren, zoals blijkt uit 

vergelijking (3) en (4), gebruikt om de collecter-emitter 

stroom IDS te berekenen  in respectievelijk lineaire en 

verzadiging regime. In deze vergelijkingen is μFE veld-effect 

mobiliteit, Cox is de capaciteit van de diëlektrische laag, VGS 

en VDS zijn de basis-emitter en collecter-emitter spanning 

respectievelijk VT is de drempel spanning. Aangezien deze 

apparaten in  nauw contact zullen staan met de drager zijn  

lage voltages onmisbaar. Verder is een minimale ruwheid 

vereist om inhomogeniteiten die kunnen fungeren als val 

voor ladingsdragers en de transistorprestaties verminderen. 

Polyimide (PI) werd gekozen als het diëlektrisch materiaal 

vanwege de goede biocompatibiliteit, oplossing 

verwerkbaarheid, water en oplosmiddel stabiliteit, een 

relatief goede diëlektrische constante en goede isolerende 

eigenschappen. Dimethylformaldehyde (DMF) en N-methyl-

2-pyrrolidon (NMP) werden gebruikt als oplosmiddel. Voor 

het verwijderen van eventuele verontreinigingen, werden de 

monsters voorbehandeld in methanol, gevolgd door 

uitgebreid drogen. De polymeerfilm werd afgezet met 

behulp van dipcoating en ten slotte werd de diëlektrische 

laag gevormd door verdamping van het oplosmiddel. Het 

effect van de droogomstandigheden op film morfologie en 

elektrische eigenschappen werd onderzocht. 
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C. Halfgeleidende laag 

Er bestaan twee types organische halfgeleiders: polymeren 

en moleculaire. Deze laatste groep vertoont doorgaans de 

grootste veld effect mobilititeit [9]. Pentaceen gebaseerde 

dunne film transistoren zijn gerapporteerd met mobiliteiten 

zo hoog als 3 cm²/V.s [7, 8], die hoger is dan die van amorf 

silicium, variërend van 0,1-1cm ² / Vs [9]. Het belangrijkste 

nadeel is de slechte oplosbaarheid van pentaceen moleculen 

in organische oplosmiddelen bij kamertemperatuur [10] en 

dus het duurdere hoog vacuüm opdampen wordt 

voornamelijk gebruikt voor de depositie van pentaceen [11]. 

In de afgelopen jaren is er veel onderzoek gericht op de 

ontwikkeling van oplosbare organische halfgeleiders. Deze 

zouden ons in staat moeten stellen low-cost oplossing 

gebaseerde technieken te ontwikkelen. Om dit te realiseren 

gaat de voorkeur uit naar het gebruik van permanent-

gefunctionaliseerde lineaire chromoforen. Bevestigen van 

een substituent in de centrale positie van chromoforen kan de 

oplosbaarheid sterk verbeteren, terwijl op hetzelfde moment 

π-orbitaal overlapping ook verbetert. De substituenten 

profiteren zowel van sterische en π-stapling interacties van 

deze chromoforen en organiseren zich in een matrix met 

sterke intermoleculaire elektronische interactie [14]. Door 

zijn veelzijdige verwerkbaarheid vanuit oplossing en de hoge 

mobiliteit van ladingsdragers is 6,13-bis (Triisopropyl-

silylethynyl) pentaceen (TIPS-pentaceen) het meest intensief 

onderzocht van alle onderzochte kleine oplosbare organische 

halfgeleiders [8, 12, 15]. Door de moleculaire structuur zoals 

aangegeven in Figuur 3 vormen TIPS-pentaceen-moleculen 

2D π-gestapelde structuur met een π-face scheiding van 3,43 

Å en π-overlapping van 7,73 Å² [14, 16].  Deze structuur 

leidt tot relatief hoge veld-effect mobiliteiten, over het 

algemeen in de orde van 10
-1 

cm²/V.s met de hoogste 

gerapporteerde veld-effect mobiliteit van 1,8 cm²/V.s [12].  

 

Kookpunt en aromaticiteit zijn belangrijke eigenschappen 

van het oplosmiddel voor een oplossing gebaseerd proces. 

Aromatische oplosmiddelen lossen het π-geconjugeerde deel 

van het molecuul op, in plaats van de substituenten zoals het 

geval is voor niet-aromatische oplosmiddelen [17]. 

Langzamere verdamping van het oplossmiddel 

aangemoedigd door hoog kookpunt bevordert de groei van 



 

 

de sterk geordende films en heeft een positief effect op film 

morfologie [12, 18]. 

 

Figuur 3. Moleculaire structuur van TIPS-pentaceen 

D. Emitter en collector elektroden 

Elektroden werden afgezet met behulp van vacuüm-

verdamping, zowel voor top als bottom contact configuratie. 

Het gebruikte materiaal was goud, want de werkfunctie van 

dit metaal (5,1 eV) komt zeer goed overeen dat van TIPS-

pentaceen van 5,3 eV [19]. Dit vermindert contact weerstand 

voor lading injectie. Verschillende benaderingen voor 

maskeren zijn uitgeprobeerd. Maskeren met behulp van een 

vezel kreeg de voorkeur vanwege de toepasbaarheid in 

textielprocessen [2]. In een metalen plaat met een dikte van 

100 µm was een rechthoekig gat van 600 µm x 1,5 cm 

gesneden met behulp van laser ablatie. Maskeren van het 

kanaal werd gedaan met behulp van een vezel met een 

diameter van 150 µm, die werd bevestigd in het midden van 

de rechthoekige spleet.  

E. Karakterisatietechnieken 

Laagdikten van de verschillende lagen werden bepaald 

met behulp van hars inbedding en het analyseren van de 

doorsnede met behulp van optische microscopie. Morfologie 

werd geanalyseerd met behulp van optische microscopie, 

SEM, FIB en AFM. 

III. RESULTATEN EN DISCUSSIE 

A. Basis elektrode 

Het belang van een goede polypyrrollaag teneinde een 

goede koper depositie in staat te stellen werd onderzocht. 

Daartoe werd de stap van het wassen van de PES-substraat 

overgeslagen. Een slecht gecoate PES vezel was het 

resultaat. Op sommige vezels werd een deel van de goede 

polypyrrollaag mechanisch verwijderd. De koperlaag die 

nadien werd aangebracht was inhomogeen met een 

verhoogde weerstand en in sommige gevallen werd geen DC 

geleiding verkregen. De enige plaatsen waar een koperlaag 

gevormd werd, was daar waar een goede Polypyrrollaag 

aanwezig was. Dit kan verklaard worden door het feit dat 

palladium (Pd) atomen vooral chemisorberen aan de stikstof 

centra (N-centra) in de polypyrrol ketens. Deze N-centra 

hebben een hogen affiniteit voor metalen [6].  De 

chemiesorptie van een laag Pd-catalysatoren aan deze centra 

in polypyrrole is nodig om de stroomloze reductie reactie te 

initiëren. 

 

De ideale reactietijd van de pyrrol polymerisatie werd 

vastgesteld op 180 minuten. Als de reactietijd korter was, 

werd een dunnere en lichter polypyrrollaag verkregen. De 

daaropvolgende koperlaag hadden een hogere weerstand en 

lagere reproduceerbaarheid. Een langere reactietijd werd 

vermeden vanwege de verhoogde kans op delaminatie. Er 

werd vastgesteld dat de goede polypyrrollaag leidde tot een 

afname van de oppervlakte inhomogenities die voortvloeien 

uit het substraat materiaal. De polypyrrol coating werd getest 

op PES vezels met een diameter variërend van 150 tot 888 

micrometer. Er kan geconcludeerd worden  dat een goede 

polypyrrollaag verkregen werd, onafhankelijk van de vezel 

diameter.  

 

Voor de stroomloze beplating werd de ideale pH 

onderzocht. pH varieerde van 9,419 tot 13,227, wat 

overeenkomt met een NaOH concentratie variërend van 0,05 

tot 2 M. Alle monsters werden gecoat gedurende 5 minuten, 

tenzij anders vermeld. Bij een pH lager dan 12 trad er geen 

reactie op. Een minimale concentratie van 0,10 M die 

overeenkomt met een pH van 12,147 was nodig om de 

koperlaag reactie te starten. De standaard redoxpotentiaal 

van formaldehyde is afhankelijk van de pH en een minimale 

pH van 12 was nodig om de oxidatie half-reactie te laten 

beginnen. Echter, na vijf minuten werd geen DC geleidende 

coating verkregen en de reactietijd moest worden verlengd 

tot 20 minuten. Het meten van de weerstand van de monsters 

na vijf minuten toonde aan dat de weerstand afneemt met 

toenemende pH tot hij 13 bereikte. Verhoging van de pH 

resulteerde niet in een verdere daling van de weerstand. De 

ideale concentratie van NaOH  om een pH van 13 te krijgen, 

was 0,30 M. Deze concentratie van de NaOH werd gebruikt 

voor alle andere experimenten.  

 

De ideale reactietijd moest worden bepaald, door het 

variëren van de reactietijd van 1 tot 30 minuten. Een 

minimale reactietijd van vijf minuten was nodig om een DC 

geleidende laag te verkrijgen. De toenemende reactietijd 

resulteerde in een afname van de weerstand als de dikte van 

de koperlaag toenam. Ook de reproduceerbaarheid bij hogere 

reactietijd werd verbeterd. Tijdens de copperplating reactie 

werden waterstofgas belletjes gevormd. Omdat de 

copperplating reactie autokatalytisch is en koperlagen 

afgezet worden op elkaar verhoogt dit het risico dat 

gasbellen ingesloten worden. Dit leidt tot delaminati zoals 

geïllustreerd in Figuur 4. Een ideale reactietijd van 6 

minuten werd gekozen.  

 

 

Figuur 4. Koperlaag na een reactietijd van vijf minuten (links) en 

30 minuten (rechts)  

Uitgaande van een concentrisch model waarbij alleen de 

stroom loopt door de koperlaag resulteerde in een schatting 

van 6,5.10
-7

 Ω.m voor de resistiviteit. Aangezien de 

weerstand van zuiver koper 1,72.10
-8

 Ω.m is, werd deze 

verhoging van de weerstand toegeschreven aan 

onzuiverheden in de koperlaag, evenals de constatering dat 

er een zeer nauwe interactie tussen de koperen laag en de 



 

 

Polypyrrollaag is. Het blijkt dat de koperlaag een hybride 

vormt met de polypyrrollaag. 

 

Zoals geïllustreerd in Figuur 5 heeft de diameter van de 

polyester vezels een belangrijke invloed op de gemeten 

weerstand en op de reproduceerbaarheid. De dikte van de 

koperlaag leek niet beïnvloed door de vezel diameter. 

Gebaseerd op optische metingen na een reactietijd van 6 

minuten bij een pH van 13, werd een gemiddelde dikte van 

2,32 ± 0,28 µm geschat. Als de vezeldiameter afneemt, 

neemt ook de ruimte voor ladingstransport volgens de wet 

van Pouillet af. Dit wordt weerspiegeld in een stijging van 

de weerstand. Voor kleinere vezels hebben kleine defecten in 

de koperlaag een veel groter effect op de weerstand, omdat 

er minder ruimte beschikbaar is om de stroom om te leiden. 

Dat verklaart de verminderde reproduceerbaarheid en de 

waarneming dat de theoretische waarde meer overeenkomt 

met de minimale weerstand empirische metingen, in plaats 

van de gemiddelde gemeten weerstand in Figuur 5. Om deze 

redenen werden de verdere tests vezels met een diameter van 

888 µm gebruikt. 

 

 

Figuur 5. Weerstand van de koperlaag in functie van de vezel 

diameter 

Stabiliteit van de koperlaag werd getest over een periode 

van 28 dagen in de omgevingsomstandigheden. Er werd 

geen significante toename van de weerstand waargenomen. 

Een stabiele koperlaag was verkregen. De koperen laag had 

een ruwheid van 45 ± 1 nm.  

B. Diëlektrische laag 

De diëlektrische laag werd gecoat van DMF oplossing met 

PI concentratie variërend van 7,5 tot 17,5% w. Dikte bleek 

toe te nemen met toenemende concentratie en de dipcoat 

snelheid. Met toenemende dikte nam de lekstroom af. 

Tijdens het drogen in de omgevingsomstandigheden werd 

een verwitting van de diëlektrische laag waargenomen. Het 

oppervlak werd gekenmerkt door een cellulaire morfologie 

met een ruwheid in de orde van 107 ± 2 nm, zoals 

geïllustreerd in de linkerkant van Figuur 6 en Figuur 7. Met 

NMP als oplosmiddel, bij relatieve luchtvochtigheid lager 

dan 25%, was de dielectrische laag transparant. Coating van 

12,5w% PI/NMP-oplossing met een dipcoat snelheid van 50 

mm/min in deze omstandigheden resulteerde in een daling 

van ruwheid tot 34 ± 5 nm. Wanneer de relatieve 

vochtigheid was toegenomen,  werd ook een verwitting van 

het NMP-gebaseerde film waargenomen. Dit ging gepaard 

met het uiterlijk van een cellulair oppervlak. Zowel de NMP 

en DMF zijn goede oplosmiddelen voor water, dat geen 

oplosmiddel is voor PI. Zoals blijkt uit de ternaire 

fasediagram van de PI/NMP/water-systeem met  lage water 

concentratie blijft het mengsel in de homogene regio. 

Wanneer de water concentratie hoger is dan een bepaalde 

drempelwaarde, treedt een fasescheiding op in polymeer 

rijke en polymeer arme fase, wat gepaard gaat met een 

verslechtering van de oppervlakte morfologie. Dit 

verschijnsel is in de literatuur beschreven als damp 

geïnduceerde fasescheiding [20, 21]. De tijd van de 

ontmixing van de stalen geproduceerd via DMF voor het 

initiëren van waargenomen damp-geïnduceerde 

fasescheiding was veel lager. Dit geeft aan dat de 

gevoeligheid van de DMF/PI-systeem voor water veel hoger 

is in vergelijking met NMP. Het drogen van de monsters in 

een oven op 60 ° C, met een veel lagere relatieve 

vochtigheid, zorgen ervoor dat drogen kan gebeuren in de 

homogene regio. Dit ging gepaard met een significante 

verbetering in de morfologie (Figuur 6 rechts). Zowel de 

NMP en DMF gebaseerde stalen gecoat van  15w%-

oplossing bij 50 mm/min hadden een ruwheid van 0,375 ± 

0,007 nm (Figuur 7 rechts). 

 

 

Figuur 6. SEM analyse van een staal gecoat van een 15w% PI/DMF 

oplossing met een dipcoat snelheid van 50 mm/min en gedroogd in 

omgevingsomstandigheden (links) en in een oven aan 60 °C 

(rechts) 

 

Figuur 7. AFM staal gecoat van een 15w% PI/DMF oplossing met 

een dipcoat snelheid van 12,5 mm/min en gedroogd in 

omgevingsomstandigheden (links) en met een dipcoat snelheid van 

50 mm/min gedroogd in een oven aan 60 °C (rechts) 

Droogvoorwaarden hadden bovendien een belangrijke 

invloed op de andere parameters van de diëlektrische laag. 

Drogen bij hoge relatieve luchtvochtigheid resulteerde in een 

verhoogde porositeit van de diëlektrische laag. Dit 

resulteerde in een toename van de dikte van de diëlektrische 

laag, een verminderde capaciteit en lagere diëlektrische 

constante. De vermindering van de capaciteit was ongeveer 

met een factor 10 en meer uitgesproken bij het gebruik van 

DMF als oplosmiddel. De lekstroom was ook afgenomen als 

gevolg van de porositeit en de toegenomen dikte. Een dunne, 

dichte transparante film werd verkregen van een 15w% 

PI/DMF oplossing bij een dipcoat snelheid van 50 mm/min, 

gedroogd bij 60 °C. Dit resulteerde in een diëlektrische laag 

met de beste parameters. De laag werd gekenmerkt door een 

geschatte capaciteit van 31,15 nF/cm², met een dikte van 550 



 

 

nm en een lekstroom in de orde van 10
-10 

A. De laatste werd 

gemeten nadat gouden contactpunten verdampt met een 

oppervlakte van 74 mm² waren aangebracht op de 

diëlektrische laag.  Samples gecoat aan 75 mm/min van 

dezelfde oplossing werden gebruikt voor verdere 

experimenten, omdat een dikte van 770 nm ervoor moest 

zorgen dat er een minimale lekstroom door de PI laag optrad. 

Als diëlektrische laag dikte nog meer toenam,  nam ook het 

risico voor de basis lekkage als gevolg van het ontstaan van 

scheuren in de diëlektrische laag toe.  

C. Halfgeleidende laag 

Als pure oplosmiddelen werden dodecaan, tetralin en 

tolueen gebruikt met respectieve kookpunt van 216 °C, 207 

°C en 110,63 °C. Dodecaan had een slechte oplosbaarheid 

van TIPS-pentaceen en was verzadigd bij een concentratie 

van minder dan 2w%. Tolueen en tetralin zijn beide 

uitstekende oplosmiddelen. Knelpunt in dit stadium van het 

onderzoek was de ontwikkeling van een methode voor de 

afzetting van TIPS-pentaceen op een cilindrisch substraat. 

Bevochtiging van de diëlektrische laag werd getest op een 

vlakke ondergrond. Een PI laag die in een oven gedroogd 

werd liet een goede bevochtiging van de gebruikte 

oplosmiddelen toe. De bevochtiging van de oplosmiddelen 

op een PI laag die gedroogd werd in de 

omgevingsomstandigheden was slechter voor de solventen, 

maar zij hadden een beter hydrofiliciteit als gevolg van de 

hogere oppervlakteruwheid. Er werd aangetoond dat de 

TIPS-pentaceen morfologie sterk afhankelijk was van het 

gebruikte oplosmiddel door dropcasting op een glazen 

substraat. Gebruik van een mengsel van 25vol% dodecaan en 

75% tolueen leidde tot grotere kristallen, te wijten aan 

Marangoni stroming [8]. Een homogeen en kristallijne film 

werd verkregen uit 2w% tolueen en 1w% tetralin oplossing, 

hoewel ze allebei een ring vertoonden, op de buitenste 

omtrek. Dit effect staat beter bekend als het "koffie vlek" 

effect. TIPS-pentaceen werd eerst aangebracht met behulp 

van dipcoating. Het meest homogene resultaat werd 

verkregen via dipcoating van 2w% TIPS-pentacene/toluene-

oplossing dat plaatsvond bij 100 mm/min. De dikte werd 

geschat op ongeveer 170 nm met behulp van een FIB 

doorsnede. Een top-configuratie contact resulteerde niet in 

een meetbaar transistor effect. 

 

 

Figuur 8. TIPS-pentacene halfgeleider aangebracht via dipcoaten 

van een 2w% tolueen oplossing aan 100 mm/min  

Drop casten van de oplossing met behulp van een bottom-

contact configuratie werd geprobeerd uit de verschillende 

oplossingen. De resulterende halfgeleidende laag had een 

slechte morfologie en het was moeilijk om de halfgeleidende 

laag precies bovenop het kanaal aan te brengen. Verder was 

de bevochtiging op de gouden elektroden alsook de 

diëlektrische laag slecht. Dit werd veroorzaakt door de 

cilindrische structuur, die moeilijker bevochtigd kan worden 

dan een vlakke ondergrond. Het werd waargenomen dat 

druppels naar de achterzijde van de vezel rolden, nadat de 

druppel was gedeponeerd. Zoals afgebeeld in Figuur 9 werd 

de bevochtiging sterk verbeterd met behulp van 

coronabehandeling. Toch werd geen goede halfgeleidende 

laag verkregen. Er werd geprobeerd om de halfgeleidende 

laag direct af te zetten op de diëlektrische laag met behulp 

van dropcasting om de positionering van het kanaal te 

verbeteren. Tijdens het aanbrengen van het vezelmasker trad 

een delaminatie van de halfgeleidende laag op. 

 

 

Figuur 9. Bevochtiging van de PI laag voor (links) en na (recht) een 

coronabehandeling 

D. Emitter en collecter elektroden 

Een vezelmasker met een diameter van 150 µm resulteerde 

in een kanaallengte van 73,1 µm. Deze lengte is nauwer dan 

de diameter van het masker. Dit komt doordat de cilindrische 

masker contact maakt met een relatief kleine oppervlakte 

van de substraatvezel, afhankelijk van de aanwezige druk. 

Maskers met een kleinere diameter werden onderzocht en 

leidden tot een kleinere kanaallengte, maar de 

reproduceerbaarheid zonder lekstroom was beperkt. Daarom 

werd de voorkeur gegeven aan maskerende vezels met een 

diameter van 150 µm te gebruiken.  

 

 

Figuur 10. Kanaal lengte van 73,1 µm bij gebruik maken van een 

maskerende vezel met 150 µm diameter 

IV. CONCLUSIE 

Een stabiele DC geleidende koperlaag was verkregen. 

Reactietijd van de afgezette  polypyrrollaag was ideaal op 

180 minuten. Ideaal voor de pH stroomloze koper depositie 

werd vastgesteld op 13. De Ideale reactietijd was 6 minuten. 

Toenemende vezeldiameter verbeterde de 

reproduceerbaarheid en geleidbaarheid. Een vezel met een 

diameter van 888 µm werd geselecteerd voor verdere 

experimenten. Afzetting van een diëlektrische laag via 

dipcoating uit DMF of NMP resulteerde in een goede 

morfologie, wanneer gedroogd werd bij 60 ° C in droge 

omstandigheden. De beste resultaten werden verkregen bij 

het coaten uit 15w% PI/DMF oplossing bij 50 mm/min 

oplossing. Gold emitter en collecter elektroden werden met 

succes verdampt en een kanaal van 73,1 micrometer werd 

verkregen met behulp van het maskeren met een fiber van 



 

 

150 µm. TIPS-pentaceen werd gekozen als een halfgeleider. 

Afzetting van de halfgeleidende laag is een knelpunt in het 

huidige onderzoek. 

 Opmerking 

Deze thesis voor het realiseren van een textiel gebaseerde 

transistor kaderde in het Europese ProeTEX project waaraan 

23 partners uit de industrie en onderzoek samenwerken. 
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Chapter 1 Introduction  

1.1 Definition smart textiles 

Smart or intelligent textiles are often defined as textile materials having the ability to sense stimuli from the 

environment or even adjust their behaviour and properties in an actuating way. Hence, they are able to 

change conditions by integration of functionalities in their structure.   

Highly technological fibres and fabrics with properties such as ultra high strength to weight ratios, fire 

resistance, and breathability are being developed. Advanced as they may be, these are not considered as 

smart textiles. The ability to sense and respond to changes is a crucial property. 

It is possible to classify smart textile materials in essentially three categories. Passive smart textiles are only 

able to sense the environment. They can be sensitive to all kinds of possible influences such as temperature, 

pH, pressure, chemicals, humidity, electric and magnetic fields. Active smart materials take it one step 

further. Not only do they have the ability to sense all kinds of external stimuli, they can also react to them by 

means of an incorporated actuator function. The last and most advanced category are the very smart textiles. 

They are active smart textiles that have the ability to react and adapt their behaviour to the environment [1]. 

1.2 Types of smart textiles 
The application range of textiles having self-regulating properties based on changes that occur in the 

surroundings speak to one‘s imagination. Many applications benefit from the inherent advantages of textiles. 

Textiles combine a unique set of properties such as flexibility, durability and ease of use.  Clothes can be 

made to perfectly fit the body offering high levels of comfort. There is no social discomfort and their 

functionality does not or at least should not interfere with aesthetic aspects. We wear clothes every day and 

they can be easily given a fashionable design. Furthermore textiles exhibit the advantage of being in long 

term and permanent body contact without irritating the skin. They make contact with a considerable part of 

the body allowing them to follow the user‘s movements. Applications rise mainly in fields where high costs 

are justifiable, such as sports, military, professional clothing, technical textiles and especially medical [1]. 

Medical textiles are a major growth area within technical textiles. In the year 2000 over 1,5 million tons of 

medical and hygienic textile materials, with a value of 5,4 billion dollars were consumed worldwide and it is 

estimated that this figure will increase in volume by 4,5% per year [2]. They range from simple gauze or 

bandage materials to scaffolds for tissue culturing and a large variety of prostheses for permanent body 

implants such as artificial heart, heart valve, blood vessel, and skin. Intelligent biomedical clothing and 

textiles have the potential to substantially change the provision of health and health care services for large 

population groups. Smart textiles could be excellent sensors for physiological and biomechanical parameters 

ideal for monitoring. The possibilities of unobtrusive long-term monitoring by smart textiles could benefit 

people suffering from chronic cardiovascular and respiratory disease, diabetes, neurological disorders, elderly 

living at home, cognitively impaired and infants at risk of Sudden Infant Death Syndrome. Combining 

monitoring properties with actuating smart textiles could lead to some futuristic and impressive applications 

of smart textiles using for treatment of chronic conditions and even anticipation to threatening situations. Use 

of fabric-based electronics would allow to take maximum advantage of these features [3]. 

Imagine a system monitoring both heart rate and temperature. Heart rate can be monitored by means of 

piezoresistive structures, such as textrodes [4]. This technique has been applied in the development of the 

Intellitex suit in a consortium between Flemish Universities. Textrodes have been made from metal fibres 

delivered by the company Bekintex [5]. The temperature sensor can be based on changing resistivity of 

conductive materials with changing temperature. In the case of a passive smart textile, the measured data will 

be sent wirelessly to a processing computer for constant monitoring.  

Active smart textiles are more ambitious. The comfort of the wearer can be significantly increased by 

maintaining a more constant temperature. The system may work on the basis of phase change materials 

(PCMs), that alter their physical state at a desired temperature releasing or taking up latent heat [6, 7]. In 

general PCMs are thermal storage materials that are used to regulate temperature fluctuations. The principle 

is based on the physical concept that materials store energy when they change from solid to liquid and 

dissipate it when they change back from liquid to solid. Usually microcapsules with a phase transition 

temperature close to the required temperature are used, as illustrated in Figure 1. Excess heat produced by an 
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individual is stored intermediately in the clothing system and then according to the requirement activated 

again when it starts to get colder. 

 

Figure 1 - Microcapsules in an outlast fabric [5, 8] 

The technology has been developed by NASA in the context of the space research programme to protect 

astronauts and instruments from extreme temperature fluctuations. Commercial examples of this technology 

nowadays are available from the market leader in phase change materials, the American company Outlast
®

 

[9]. 

Another option to maintain a more constant temperature are shape memory materials (SMMs) that can open 

and close microscopic flaps to control ventilation and optimize heat transfer, as shown in Figure 2 [5, 10]. 

SMMs are a set of materials that, due to external stimulus, can change their shape from some temporary 

deformed shape to a previously programmed shape. The shape change can be triggered by surrounding 

factors such as temperature, stress, magnetic or electric field, pH, UV light and even water [11]. Thermal 

insulating clothing, where a shape memory material is trapped between two passive clothing layers another 

example. If temperature drops below a certain threshold value the shape changes to a bent structure. A 

thicker air layer will be created between the two clothing layers resulting in a better isolation which is 

illustrated in Figure 3.  

 

Figure 2 - Shape memory material that can open and close flaps based on the temperature [10] 

 

 

Figure 3 - Shape memory polymer film between two textile layers adapting shape depending on the 

temperature [5] 

In the case of a very smart textile, the temperature sensor could measure the body temperature of the wearer 

and react to it. If the sensor notices that the body temperature of the user has dropped below a certain set 

value, the textile could automatically activate a heating or cooling system. Heating can be achieved by 
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sending current through conductive fibres generating heat due to resistance [12-14]. Both heating and cooling 

is achieved by means of the Peltier effect [7], for which current is directly converted to a temperature 

difference. The heart rate sensors could trigger a colour change of chromic materials in the clothes of the 

wearer, when certain changes in the body parameters indicate a fatal heart condition is imminent [15, 16]. In 

case something does go wrong, the heart rate sensor can be connected to a device emitting a warning signal 

and automatically contact the first aid services providing data on what is the current situation and where the 

user is located via GPS that could also be included in the garment. Furthermore if cardiac arrest is detected 

this system could activate the cooling system trying to induce hypothermia decreasing oxygen demand of the 

organs in order to reduce risk of damage [17].  

Main functions of intelligent textiles can be derived from this example being sensing, processing, actuating 

and communication. Also data and energy storage are important research areas in the field of smart textiles  

[2, 4]. As for most devices, ultimately most signals from the sensors are converted to electrical ones to allow 

processing. Usually actuation is also triggered by means of an electrical signal. The need for electrical signals 

for communication and data storage is obvious. Conductive fibres will therefore be of utmost importance 

with respect to realising real intelligent textiles for both signal transport and sensing properties. 

1.3 From wearable to fibrous electronics 

Different ways to produce electroconductive fibres have been developed. One approach is to use inherently 

conductive fibres. This can be achieved by using  pure metallic or alloy fibres [18]. These can be made from 

metal or metal alloys that are produced by bundle drawing. Also inherently conductive polymers 

characterized by an altering single and double bounds structure in their backbone can be used as conductors 

without adding any substances. Examples are polyaniline and polypyrrole. They are known to have several 

disadvantages such as low stability, low mechanical strength and poor processability due to insoluble and 

unmeltability [19]. Conductivity can also be achieved by incorporating inherently conductive fibres in a yarn 

and using a composite structure.  

The other main approach is by using additives to make the polymer fibres conductive. This can be done by 

adding a conductive powder in the spinning dope or by means of a coating. Many coating methods such as 

electrodeposition, electroless deposition, chemical coating, carbon and metallic compound inclusion, physical 

vapour deposition and electroconductive composites to include electroconductive coating have been 

developed. Coating high strength non-electroconductive fibres have some intrinsic advantages. 

Multifunctional properties needed for textile electrodes used in intelligent textile applications are mainly 

determined by surface properties, thus a coating at the surface is already suitable to include electroconductive 

properties. At the same time the mechanical properties of these high strength fibres is not affected. Using a 

coating instead of a solid metal fibre is also more cost effective because the amount of metal needed is small 

[5, 18-23]. 

Conventional printed circuit boards exist of conductive wiring applied to insulating substrates, usually epoxy 

or phenolic resins are embedded with reinforcements like glass fibres. Although they have a certain bending 

tolerance, they are essentially rigid materials. In many applications such as in hand held devices it is 

desirable to have circuit boards that can be flexed easily. Increased flexibility of circuits has been achieved 

by printing circuit patterns on polymeric substrates. 

Textiles that are able to conduct current or serve an electronic function are called e-textiles. Devices can be 

integrated to different degrees in textiles depending on the cost, desired complexity and application. At the 

first level solutions can be obtained by making adaptations to clothes (i.e. a pocket to hold a mobile phone) 

and integrate various kinds of electronics and/or microsystems devices into garments. In this case ―wearable‖ 

refers to devices and systems that, due to their small size can be embedded on a textile substrate. The results 

were often bulky, not very user friendly and often very impractical.  A working example of such an approach 

is the ICD+ line (Industrial Clothing Design Plus) developed at the end of the 90‘s in cooperation between 

Levi‘s Strauss & Co. and Philips Research Laboratories [24]. This line comprised of four wired jackets that 

combine garment functionality, like water-resistance, with wearable electronics. Wires were used for 

synchronous control of the Philips Xenium GSM mobile and Philips Rush MP3 player using the integrated 

microphone, earphones, and remote control, which can be seen in Figure 4. Washing of the vest required 

removal of all the components and wiring. The resulting garment was truly wired with cables crisscrossing 

all over, batteries in pockets and hard electronic devices sticking out from the surface. The piece of clothing 

functions as a platform for supporting electronics and was hardly wearable in a clothing comfort sense. Nike 

also developed shoes with integrated sensors in cooperation with iPod [25] . 
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Figure 4 - ICD+ jacket as an example of first level electronics integration [24] 

To make the shift of incorporating sensors or electronic systems on a textile substrate to fully integrated 

textile circuits, a fabric-based electric circuit is essential in realising a new generation of flexible, 

comfortable and multifunctional textile structures. We need to get rid of the image of textile as host for 

electronic components and alter our view to e-textile meant itself a textile component already endowed with 

an electronic function that can be direct processed with a textile technology to a fabric or garment. A second 

level of integration consists of embedding active structures in the textile fibres. The electronics become 

textile based. An example of this is the embedded flexible arrays of LED lights in a textile fabric realized by 

Philips named Lumalive. This technology is mainly used for promotional purposes [26]. Illustrations of this 

application are shown in Figure 5. The third and final level of integration is when the textile material itself is 

able to fulfil the electronic function. The New Zealand-based textile research and development organisation 

WRONZ and Peratech Ltd have jointly developed Softswitch™ technology [27]. The resulting fabric 

resistance strongly depends on the applied pressure and the technology is based on a quantum tunnelling 

composite. It can be used for many applications, such as pressure sensing or switching as illustrated in Figure 

6 [2] . 

 

Figure 5 - Philips Lumalive integrated LED arrays [26] 

 

 

Figure 6 - Softswitch technology working example (left) and working principle (right) [27] 
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E-textiles are particularly suited for distributed sensor systems, which require only marginal computation but 

take advantage of the rugged, large-area aspects of textiles. Sensors and other electronic devices have been 

built on or incorporated into textiles using available technologies, but the tendency is shifting towards fabric-

based electronic devices and systems. These have huge potential to create multifunctional textiles with 

incorporated electrical or electronic circuits without reducing comfort and hindering movement. The goal and 

simultaneously biggest challenge would be to develop clothing that remains visibly unchanged and the 

consumer can still clean it in a washing machine without first removing all electronics. This can be realised 

by the next level of integration where active fibres are the micro-electronic building blocks, such as 

transistors or diodes.  Direct integration of circuitry onto fibres would offer additional benefits in terms of 

higher flexibility, bending, shear, and tear resistance and fatigue behaviour in case of repeated deformation. 

Furthermore it would enable the interconnections necessary to make e-textile distributed sensor systems cost 

effective and efficient [28]. 

1.4 Towards a textile transistor 

1.4.1 Fully integrated electronic textiles require fibrous transistors 

As described in the previous chapter there has been an evolution from e-textiles as a fabric or garment 

hosting electronic components to an e-textile meant itself a textile component which has also a non textile 

function (sensing, actuating, logic control). Passive devices with conductive wires have already been 

achieved using metal wires or copper coated organic fibres as mentioned before. The next step is the 

development of active devices incorporating switching and amplification functions that allow obtaining many 

advanced electronic functionalities directly on or in the textile substrate. For this realization of a textile based 

transistor is indispensable [29]. 

Electrical contacts between yarns as well as resistive and capacitive effects associated with yarns depend on 

topology. Different possibilities exist in realizing circuit architectures. Electrical circuits can be developed by 

weaving or knitting threads of varying conductivity (conductive, semiconductive, and insulating) into a fabric 

structure, but also embroidering and multilayer lamination can be used. In order to establish a self-contained 

device within a textile the most suitable structure is a woven fabric. Since the smallest mesh lies in the range 

of 100 µm it is more rigid compared to a knitted structure. [30] At the Technical University of Ljubljana a lot 

of research is done on pattern weaving using CAD/CAM integration to allow mass customisation. The used 

technique enable the production of fabrics that display a picture, in which colours are realized by utilizing up 

to 24 different coloured fibres.  An electrical circuit drawn in CAD software or a similar technique can be 

used to directly weave electrical circuits into a fabric [31-33]. Printing has also been suggested as a possible 

technology for realizing electric circuits. They suffer from the disadvantage of limited availability of 

conductive inks, fragility of the inks, limited path accuracy and limitations due to short circuiting crossing 

networks and wearer safety [34]. 

One of the main difficulties is formation of interconnections and disconnects between orthogonally and thus 

intersecting conductive yarns at certain points in the electrical circuit. To integrate conductive yarns in a 

woven X-Y grid, they can be covered with an insulating layer to avoid skin contact and thus short circuiting. 

This technology has been developed at ETH Zurich in cooperation with the company Sefar as illustrated in 

Figure 7 [35]. Different techniques can be used to form crossover point interconnections such as resistance 

welding, conductive adhesive bonding, soldering or by means of weaving pressure, where interconnections 

are realised by means of physical contact [22]. E-textiles with interconnects incorporated over the entire 

fabric would be able to adaptively route a signal around a tear or induced malfunction much more efficiently 

and effectively than woven-in planar circuits. Direct incorporation of interconnects into the textiles 

eliminates the need for switching back and forth from fibre conductors to silicon switching circuits [28]. 

Woven electrical circuits require formation of disconnects at certain locations along the conducting yarn. 

This can be done by cuts or switches. Cuts can be realised by laser treatment or by using a technique 

involving very high weld current that breaks the conductive fibres, as reported by Dhawan et al. [36]. The 

main disadvantage is that the cuts may reduce the strength of the fabric and also the accuracy of the path is 

determined by the preciseness of the employed technique.  



 

 

6 

 

 

Figure 7 - Cuts and interconnects can be introduced in a conductive fibre mesh by respectively 

soldering and laser treatment. This approach however causes damage to the fabric [35] 

The alternative is to use on-off switches. An electrical switch or transistor is a very important part in the 

development of integrated circuits. The ability to form transistors on fabrics or fibres would enable 

fabrication of fully integrated circuits on flexible textile-based substrates. Understanding the basic working 

principles of a transistor is a crucial step in transferring this well established technology from inorganic 

substrate materials to the field of fibrous organic materials. 

1.4.2 Working principle of field effect transistors 

Since Julius Edgar Lilienfeld filled in the first patent for a transistor in 1925 [37], these devices have 

dominated the mainstream microelectronics industry. The invention of the first actual transistor by John 

Bardeen, William Shockley and Walter Bratain dates back to 1948. This invention totally revolutionized the 

world of electronics and it comes as little surprise that in 1956 these three men shared a Nobel Prize in 

physics for their work. By 1960 the transistor had replaced the vacuum tube in many electronic applications 

[38]. Transistors are based on semiconductive materials and commonly used to amplify or switch electronic 

signals [39]. 

Transistors are considered to be one of the greatest inventions of the 20
th

 century, being key active 

component in practically all modern electronics. They are the fundamental building blocks for basic 

analytical circuits, such as amplifiers as well as key elements for digital combinational logic circuits as 

adders, shifters, inverters and arithmetic logic units and are used to build sequential logic circuits, such as flip 

flops. They are an essential component to modern memory devices, integrated circuits and microprocessors 

used in personal computers [39, 40]. Its ability to be mass produced using highly automated processes 

resulted in a multitrillion-dollar industry [40]. Throughout history transistors underwent big changes in their 

essential architecture and working principle. The bipolar junction transistor was most commonly used in the 

‗60s and ‗70s. They remained very popular for analogue circuits because of their greater linearity and ease of 

manufacture.  A junction transistor consists of a semiconducting material in which a very narrow n-region is 

sandwiched between two p-regions or a p-region is sandwiched between two n-regions. In either case, the 

transistor is formed from two p-n junctions [38]. Metal-oxide-semiconductor field effect transistors or simply 

MOSFETs gained more and more popularity thanks to desirable properties such as their utility in low-power 

devices and allowed them to capture nearly all market share for digital circuits. Nowadays MOSFETs are 

also used for most analogue applications as well [41]. 

The name ‗metal‘ in the name MOSFET in many cases is a misnomer because the previously metal gate 

layer, usually aluminium, is now often a layer of polycrystalline silicon (Si). The active layer is generally 

comprised of lightly doped Si or combinations of Group III-V elements such as Galliumarsinide (GaAs). The 

image below shows the build-up of an n-channel MOSFET. Structure and working principle of p-channel 

MOSFET is completely analogous.  
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Figure 8 - Working principle MOSFET [41] 

We identify four important metal contacts. The source (S) and drain (D) are electrodes on the highly doped n-

regions. The gate (G) is applied on the dielectric isolator which usually consists of SiO2. Finally the base (B) 

is a metallization in contact with the p-type substrate and connected to the earth. 

Potential is measured with reference to the source contact. VDS is the potential between drain and source, VGS 

between gate and source. The current IDS is measured from drain to source. When potential on the gate is low 

the transistor is working in cut off mode. Virtually no current flows from the drain to the source. If we now 

apply a positive potential to the gate at the interface Si/SiO2, between the gate capacitor and the p-doped 

region, a small layer of minority charge carriers (e.g. electrons in p-type material) will start to build up. This 

small layer is termed an ‗inversion layer‘. This forms a conductive electron channel, in this case an n-channel 

and connects the source and the drain (Figure 8a). [39] 

Current will start to flow once a voltage is applied between drain and source. When drain-source potential is 

moderate the MOSFET behaves like a resistor. For increasing VDS the induced channel is not the same on 

every spot between source and drain. Moving from source to drain electrons from the conductive channel 

start to get depleted resulting in decreasing conductivity of the channel (Figure 8b). At a certain point a 

depletion of the inversion layer occurs (Figure 8c) and further increase of VDS will no longer result in an 

increase in current IDS (Figure 8d). This is called the saturation region.  Consequently there is a parabolic 

dependence of IDS related to VDS at a given VGS. The typical characteristic of a transistor (V-A correlation), 

IDS vs. VDS is given in the image below. VGS increases in steps of 1V from 0 to 5V.  

 

Figure 9 - Typical MOSFET behaviour. The different curves correspond with increasing VGS in steps 

of 1V. IDS increases with increasing VDS until saturation occurs [41] 
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This potential VDSsat at which saturation of IDS occurs is given by the expression VDSsat = VGS -VT. VT is called 

the threshold potential, which is the potential at which there is just a conduction channel. Depending whether 

VT is positive or negative two possible MOSFET can be distinguished: 

- VT > 0 means there is no channel at VGS = 0. This is called an enhancement MOSFET 

- VT < 0 means there will be conducting channel at VGS = 0. This is called a depletion MOSFET. 

In basic electronic circuits, just like other transistor types, MOSFET is used as a switch. When the n-channel 

is open, no current will flow and VGS < VT. The switch will be closed when VGS > VT and a current will flow 

from the source to the drain in the linear or saturation region. It is also important to be aware that a MOSFET 

is completely symmetrical allowing source and drain to be switched. 

The working of an n-channel MOSFET transistor, which is illustrated in Figure 9, can be analytically 

described by the following equations when VDS > 0 [41-43]. How these equations are obtained is described in 

Appendix A. 

Cut off region: , 0GS T DSV V V   
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(Eq. 3)  

The field effect mobility µFE [cm
2
/V.s] is a proportionality factor that relates the drain current IDS to the gate 

and drain voltages VGS and VDS and is a measure for the ease with which charge is transported under 

changing gate voltage. VT is the threshold voltage. W and L stand respectively for the width and length of the 

channel. Cox finally is the gate dielectric capacitance per unit area [F.cm
-2

].  The product of field effect 

mobility and insulator capacitance is often named at the transconductance k [41]. Equation (Eq. 2) simplifies 

to  DS ox GS T DS

W
I C V V V

L
  when VDS is small (VDS << VGS-VT).  

1.4.3 Organic field effect transistor 

Since the report of the first organic field effect transistor (OFET) in 1986 [39] there has been a great progress 

in both materials performance and development of new fabrication techniques. Organic materials are 

traditionally viewed as non electric and they have been widely used as insulators, until the 1970s, when 

Heeger et al. found that polyethylene molecules could become good conductors by doping [39]. Since then 

the conducting polymers have received increasing attention from the research community and industry. 

Studies on organic semiconductors which include conjugated polymers, oligomers, or other molecules have 

greatly enhanced the development of OFETs [44]. Because OFETs are usually deposited as thin film they are 

often named organic thin film transistors (OTFT) or simply thin film transistors (TFT). 

OFETs have a channel layer composed of conjugated polymers, oligomers or small organic molecules. They 

offer some advantages over hydrogenated amorphous and polycrystalline silicon-based thin film transistors 

due to their high mechanical flexibility, low weight and different ways of easy processability. Solution-

processing or direct printing makes it possible to produce OTFTs at or near room temperature allowing them 

to be deposited on polymeric flexible substrates. This is in contrast to amorphous and polycrystalline thin 

films requiring processing at elevated temperature of above 350 °C, high-vacuum deposition processes and 

sophisticated photolithographic patterning methods. Due to a lower glass transition temperature of polymeric 

substrates deposition needs to be carried out at reduced temperatures leading to non-crystalline nature of the 

deposited films. As a consequence carrier mobilities in these TFTs are lower as compared to transistors 

developed on rigid planar silicon wafers. Moreover, the interface between the gate dielectric and the 

amorphous channel of the TFTs has a higher defect density as compared to transistors developed on silicon 

wafers or rigid substrates. Cheap manufacturing techniques enable the potential to develop large area 
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applications at lower cost. Manufacturing cost depends on process temperature, because in general higher-

temperature processing entails higher capital costs, more expensive substrate materials and lower throughput 

because of the time required for temperature ramping. Organic thin-film transistors have mechanical 

flexibility making them compatible with plastic substrates for lightweight and foldable products and 

performance that is adequate for many e-textile applications [28, 30, 39, 45-48]. 

The switching frequencies that can be obtained with OTFTs are smaller than that of single crystalline 

inorganic semiconductors, such as polycrystalline Si, because of the inherently lower mobility and structural 

disorder of organic compounds in the solid state. Nevertheless the values of the switching frequencies of 

organic electronic materials have already approached the speed of amorphous inorganic Si devices. 

Nowadays, some OTFTs can compete with amorphous silicon TFTs, which are preferred to conventional 

crystalline silicon TFTs in applications where large areas are needed. OTFTs have great potential for 

development of new products that rely on their unique characteristics such as electronic paper, sensing arrays 

and large-area flexible displays. Furthermore there is a very large potential market for inexpensive radio 

frequency identification (RFID) tags for item-level tracking and inventory control. Research is underway to 

develop continuous roll-to-roll line techniques to reduce tag cost [29, 39, 43, 49, 50]. Figure 10 illustrates the 

world‘s first electronic ink display driven by organic transistors that have been deposited using rubber stamp  

printing.  . 

 

Figure 10 - The world’s first flexible electronic ink display driven by organic transistors. 256-transistor 

array produced by Lucent using a rubber stamp printing process [39] 

1.4.3.1 Working principle 

Structure and working principle of OTFTs is analogous to its inorganic counterpart. Figure 11 shows they 

also consist of the typical components: source, drain and gate electrodes, a dielectric insulating layer and a 

semiconductive channel layer.  

 

Figure 11 - Basic schematic of a field effect transistor top-contacted configuration [39] 

 

Several configurations for organic transistors exist. First differentiation is having a bottom or top gate 

configuration. In the former the gate layer is deposited on the substrate and all subsequent layers are built on 

top, in the latter the gate is the last layer to be deposited on top of the other layers. For both configurations 

bottom and top-contact devices exist. In top-contact device the source and drain electrodes are evaporated 

onto the organic semi-conductor layer. The alternative is bottom-contact device, with the organic 

semiconductor deposited on source and drain electrodes [45]. A schematic representation of bottom gate top 

and bottom-contact devices is displayed in Figure 12. 
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Figure 12 - Top-contact and bottom-contact OTFT architecture [39, 48]  

Like in MOSFETs the gate is electrically insulated from the organic semiconductor by a dielectric layer. 

There are however some crucial differences. The base of charge transfer in organic semiconductors is a 

conjugated molecular system [42]. Source and drain electrodes are simply ohmic contacts, usually consisting 

of sputtered or evaporated metal paths. The term ohmic contact is used to describe a contact whose resistance 

is neglectable when compared to the channel resistance [43]. This is different from most MOSFET structures.  

Another difference is that for organic semiconductors an inversion channel does not form. This fundamental 

difference is related to the nature of charge transport in each of these semiconductors. For OFETs current 

flows through majority carriers and the mobility is generally lower than its inorganic counterpart. This could 

be explained because in organic semiconductor materials, the molecules are kept together mainly by weak 

Van Der Waals interactions with energies smaller than 42 kJ/mol. The vibrational energy of the molecules 

reaches a magnitude close to that of the intermolecular bond energies at or above room temperature. In 

contrast, in inorganic semiconductors such as Si and Ge, the atoms are held together with strong covalent 

bonds gathered in a well-ordered three dimensional lattice. Bonding energies can be as high as 320 kJ/mol. 

According to solid state physics this causes discrete atomic levels to widen into bands in which charges can 

move freely in delocalized state with very high mobility [39, 50]. 

Transport of charge carriers in OFETs can be either within the molecules (intramolecular transport) or 

between individual molecules (intermolecular transport). The latter one requires molecular ordering to 

provide sufficient overlap of the p-orbitals of conjugated organic molecules to enable efficient charge 

migration between neighbouring molecules. Therefore morphological characteristics play a crucial role 

because the crystal packing of the materials greatly affects the transport properties [44]. Recent advances in 

the performance of OFETs are largely due to fine control of the morphology and crystalline microstructure in 

organic semiconductor thin films. This can be achieved by tuning the film deposition conditions such as 

through surface treatment of the substrate, morphology control of substrate, modifying solvent properties, 

improving film formation method and the development of new organic semiconductor materials with strong 

intermolecular p–p interactions. Also linear and saturation regions exist depending on the drain voltage and 

corresponding distribution of charge carriers inside the channel. [42, 46] 

There is a general agreement that charge conductions in less-ordered organic materials occurs via polaron 

hopping between discrete localized states of individual molecules and carriers are scattered at every step [39]. 

A polaron is the deformation of the lattice around the electron or hole. The mobility is limited by phonons 

that scatter the carriers and thus it is reduced as the temperature increases. At high temperatures the charge 

mobility is in good agreement with the polaron model and the mobility is temperature dependent. However, 

at low temperature the mobility becomes practically temperature independent and rises contrary to the 

expectation. This is believed to be due to band transport, which is suggested to become the mechanism of 

charge carrier in cryogenic conditions (<250K). The phenomenon has been observed for polycrystalline thin 

films of pentacene. In single crystals of pentacene mobilities up to 1000 cm²/V.s have been reported. At these 

temperatures vibrational energy is much lower than the intermolecular bonding energy and phonon scattering 

is very low. At or close to room temperature phonon scattering becomes high that the contribution of band 

mechanism becomes too small. At the same time, hopping begins to contribute to carrier transport. As 

temperature rises hopping from site to site becomes easier. This explains why as temperature rises from a few 

degrees K to about 250K mobility decreases after which it starts to rise slowly again [50]. 

The fact that in some cases temperature independent mobility has been observed and because it is possible 

for traps to make the mobility temperature independent a new theory was required. This led to the multiple 

trapping and release (MTR) model developed by the Thiasis group. This model is based on the assumption 

that the field-effect mobility is gate bias dependent. In many semiconductors an important density of 

localized levels exists near the delocalized bands that can act as traps for charge carriers. At low gate bias 

nearly all induced charges go into the localized levels, where the mobility is very low. When the gate bias is 

increased, the Fermi level gradually reaches the nearest delocalized band edge, which leads to an increase of 

the concentration of mobile carriers in the delocalized levels and increases the effective mobility. This model 

has shown to be very accurate in rationalizing the behaviour of organic semiconductors such as sexithiophene 
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and dihexylsexithiophene. However, much work still needs to be done to explain coherently temperature 

independent mobility and the exact mechanism of charge transport in organic semiconductors [44]. 

The conduction channel is limited to the surface of the semiconductor where majority carriers accumulate 

induced by the gate voltage. Depending on the applied voltage on the gate there is accumulation (negative) or 

depletion (positive) for hole carriers.  Because of this reason an OFET is called an accumulation device. 

Despite some differences the equations describing the behaviour of organic field effect transistors are exactly 

the same as described in formulas (Eq. 1) - (Eq. 3). A good organic semiconductor used for OFETs should 

have high mobility and low intrinsic conductivity in order to improving the on-off ratio [51]. A detailed 

description about the meaning and the experimental determination of the main parameters determining the 

transistor behaviour follows below. 

1.4.3.2 Field effect mobility 

One of the most important measures of organic semiconductor performance is the mobility, µ, which 

describes how easily charge carriers can move within the active layer under influence of an electric field and 

is directly related to the switching speed of the device [39]. Mobilities of single organic molecular crystals, 

determined at 300K have an upper limit much lower than inorganic TFT of about 1 to 10 cm²/V.s. This is 

generally explained by the lower bonding energy and crystallinity of organic field effect transistors [50].  

Field effect mobility can be found experimentally in the linear and saturation regions. This is the reason why 

often a distinction is made between the two values. However, only if the two have significantly different 

values it will be useful to mention both. Usually, a single value for mobility is cited. In this case, the 

convention is to report the maximum mobility over a range of gate voltages for a specified drain voltage, 

either in the linear region or in the saturation region. 

Field-effect mobility is found to be depending on VGS and VDS. It can be regarded as a bias-dependent 

quantity, analogous to the gain of an amplifier. At each bias point mobility is a proportionality factor that 

relates how small changes of gate voltage VGS produce change in drain current IDS. Definitions for 

respectively linear region mobility for small drain voltages (VDS << VGS -VT) and saturation region mobility 

are stated as follows: 
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(Eq. 5)  

We can calculate the saturation mobility by plotting 
DSI in function of VGS using the slope of the curve as 

illustrated in Figure 13 [43] [52]. 

 

Figure 13 - Square root of the drain current as a function of the gate voltage for 20 µm long 

amorphous p-channel transistors in the saturation regime (VD=100 V) on different substrates [52] 
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1.4.3.3 Leakage currents 

Generally two kinds of leak current have to be considered. The first current arises from the fact that an 

organic field effect transistor works as an accumulation device. A small current can flow even when no 

accumulation layer is formed and the transistor is in the off-state. This is called the off-current and is usually 

rather low due to the intrinsic low conductivity of organic materials. A low off-current is desired to eliminate 

leakage while in the inactive state. The ratio between the current in the ‗on‘ and ‗off‘-states is indicative of 

the switching performance and is usually in the range of 10
3
-10

4
, but ratios as high as 10

6
 can be reached by 

current generation OTFTs [29, 30, 39, 43]. 

The off-current is seen in the IDS-VGS plot at gate voltages below those below the threshold voltage. This 

current usually depends on the gate and drain voltages. In some cases it increases as the gate voltage is 

reduced further. The on-off ratio is defined at a given value of the drain voltage as the ratio between the 

current measured when the transistor is in the on-state (VGS<VT<0 V) and the current taken as the transistor is 

in the off-state (VGS>VT) [29]. The voltage that is typically cited for the off-current is the minimum drain 

current at specified drain voltage for zero gate voltage, but for initial design work it is important to take into 

account the entire drain-current characteristic to have a better idea about the worst-case leakage over the 

expected range of gate and drain voltage. Usually the off current is quantified by the on-off ratio calculated 

as the ratio between the maximum on current at saturation and the off-current as specified above [43]. 

The second kind is gate leakage, which occurs under all transistor conditions and usually arises from bad 

isolation at the dielectric layer as illustrated in Figure 14. A representation how current normally flows from 

drain to source as well as the path followed by leakage current can be found in Figure 15. For the polymer 

dielectrics and low-temperature inorganic dielectrics often used in OTFTs, the gate current leakage can be 

significant. Sometimes the off-current is dominated not by drain-to-source leakage but by drain-to-gate 

leakage. Determining whether the off-current arises from leakage from drain to source or drain to gate is the 

first step in identifying the physical source of the off-current. The drain-source current IDS over the channel of 

the transistor is expected to be in the order of 10
-6

-10
-7

A [34, 48, 53]. Leak current should in any case be 

much smaller than this value to ensure that the measured drain-source current does not arise from gate 

leakage. In other words the leak current Ileakage should be lower than the actual amplification in order to be 

able to speak about a meaningful transistor without huge efficiency losses. 

 

Figure 14 - Leak current through flat plate capacitor 

 

Figure 15 - Current drain-source and current leakage for a top-contacted OFET. Measured drain 

source current can arise from leakage current and should be minimized [39] 

1.4.3.4 Threshold voltage and subthreshold swing 

Usually a threshold value for the transistor to switch ‗on‘ can be observed. For a p-type enhancement 

transistor, when voltage is negative enough, holes accumulate between the insulating layer and the organic 

semiconductor, according to a capacitive effect similar to MOSFET devices [29]. Like the mobility, the 
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starting point for defining the threshold voltage VT is the standard MOSFET equations. Experimentally, one 

finds different values for the threshold voltage in the linear and saturation regions of operation. 

The threshold voltage can be extracted from measurements in the linear region by plotting IDS versus VGS for 

small drain voltages (VDS << VGS –VT), and extrapolating the line to IDS =0 using a tangent to the curve at the 

point of maximum slope as illustrated in Figure 16. Similarly, the threshold voltage can be extracted from 

measurements in the saturation region by plotting 
DSI  versus VGS and extrapolating to IDS =0. 

 

Figure 16 - Determining the threshold voltage by extrapolating the tangent at the point of maximum 

slope of the IDS-VGS curve [43] 

The subthreshold swing represents the increment in gate voltage needed to change the drain current by a 

factor of 10. From an electronic system point of view, a small subthreshold swing is desirable because less 

gate voltage excursion ΔVGS is needed to turn the transistor from fully off to fully on.  

Experimentally it is found that the subthreshold slope varies through the subthreshold region, which can be 

clearly seen in Figure 17. At the low end of the subthreshold characteristic it merges into a leakage current 

characteristic and at the upper end it turns into the saturation characteristic. Therefore the value that is 

typically cited it the maximum slope value. 

 

Figure 17 - Subthreshold slope is known to vary with changing VGS and is described by a different 

formula in the linear and saturation region [43] 

1.4.3.5 Contact resistance 

Making good electrical contact between the electrodes and organic semiconductors is sometimes difficult. As 

a result there are often large parasitic resistances in series with the source and drain. The contact resistances 

are distinct from the channel resistance because they do not scale with channel length, but are rather channel-

length independent. Sometimes they can be modelled simply as a fixed added channel length. For example, 

the contact resistances may behave like an extra 2μm of channel length, so that an OTFT with channel length 

L behaves as if it had a channel length L+2μm. The contact resistance can be determined by fabricating 
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OTFTs of various channel lengths, plotting channel resistance versus channel length, and extrapolating 

channel resistance to a channel length of zero.  

The total resistance of the FET is the sum of the channel resistance and the contact resistances. Because the 

channel resistance scales with channel length but, the contact resistances are independent of channel length, 

the performance of short channel devices can be strongly degraded by contact resistance. It is common for 

OTFTs to exhibit lower mobility as channel length is reduced because contact resistance comes to dominate 

the total resistance [43]. 

1.4.3.6 Capacitance and frequency response 

The capacitance per unit area C of a flat plate capacitor is calculated as described respectively by formula 

(Eq.8). 

rC
d

   
(Eq. 6)  

With   the electric permittivity in vacuum which has a constant value of 8,854.10
-12 

F/m, r is the relative 

permittivity of the insulating dielectric material also called the dielectric constant, d is the distance between 

the plates which corresponds to the thickness of the dielectric layer [42]. 

According to formula (Eq.1) the capacitance should be as large as possible to maximize the source drain 

current with minimal gate voltage and therefore optimize the transistor performance. This is mainly done by 

minimizing the thickness of the dielectric layer. However, at a certain point layer thickness becomes too thin 

which gives rise to leak currents. The power consumption of the transistor increases tremendously due to gate 

leakage. At constant thickness the capacitance can also be increased by using isolating materials with a 

higher dielectric constant [42, 54]. 

The significant capacitances between the terminals of an OTFT are the gate-source and gate-drain 

capacitances. The drain-source capacitance is much smaller and can usually be ignored. The gate-source and 

gate-drain capacitances are each made of two capacitances in parallel, one due to the parasitic overlap 

capacitance between gate and source/drain and the other due to the capacitance between gate and channel as 

shown in Figure 18. The channel is not a terminal of the device, so that the capacitance between gate and 

channel must be partitioned between source and drain to obtain device terminal capacitances. Thus,  

CGS =CGS,overlap + CGS,channel and CGD =CGD,overlap + CGD,channel. The overlap capacitances are voltage independent 

and can be approximated as fixed parallel plate capacitances, with CGS,overlap =CGD,overlap =W LoverlapCox, where 

Loverlap is the overlap length [43]. 

 

 

Figure 18 - Capacitance is composed of different parts, one due to parasitic overlap between gate and 

source/drain and the other between gate and channel [43] 

1.4.3.7 Interface requirements 

Current flows from source electrodes, through the semiconductor to the drain electrodes. This occurs mainly 

at the interface layer with the insulator consisting of only a few nanometers. This means charges have to be 

injected at some point from the source electrode, past the electrode-semiconductor interface into the electrode 

and be extracted from the semiconductor at the drain electrode interface. On the one hand conduction band 

(LUMO or HOMO) should be optimized to make injection of charges from electrodes easy. On the other 

hand the morphology of the active layer and the interface properties between active layer and insulator and 

the electrodes are very important factors for the electrical performance of the OTFT. The mechanism of gate-

controlled charge transport in an organic transistor within the semiconductor material has to be understood on 
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a molecular level and molecular organisation in this interface layer plays a crucial role. Therefore the 

requirements of the semiconductive layer are particular demanding. Inhomogenities and impurities act as 

charge traps that alter the relative energy levels and inhibit the flow of charge carriers [55]. Surface 

modification techniques can be used to change to surface properties of the used material without changing its 

bulk properties. The surface modifications are usually used for removing a thin contamination layer or 

replacing weak bonds of the surface with a highly reactive bond group (activation).  Good contact of layers 

can not only enhance the ordering of the molecules, minimizing the defects, but also facilitates the injection 

of charges and transfer in the conduction channel [39, 42, 44]. 

1.4.4 Development of fibrous transistor  

Realization of fibrous transistors envisages two possible structures for carrying a TFT device. The first 

possibility consists of a flat textile ribbon as illustrated in Figure 19. Ribbons can be used in textile processes 

but have a limited use; nevertheless they can be applied with a variety of techniques including weaving, 

embroidery and lamination [29]. Depending on the width of the ribbon, we can build transistors with 

different dimensions channel width for an electrode configuration illustrated in the image below. The channel 

length is determined by the separation of source and drain contacts along the ribbon. 

 

Figure 19 - Structure of a thin film transistor on a flat ribbon substrate material [29] 

Bonfiglio et al. [30] used a completely flexible and transparent polyester film. This structure functioned as 

the insulator layer of the FET and at the same time acted as mechanical support of the whole structure. The 

idea was to use an existing flexible transistor and transfer this technology directly to a fibrous support 

substrate.  The transistor was obtained by gluing this structure on a textile ribbon in order to obtain a flexible 

yarn that could be employed in textile processes.  

Another approach is to build a transistor directly on a fibrous ribbon material. A gate layer has been 

successfully deposited using electroless copper deposition. Problems arose while trying to deposit a uniform 

dielectric layer based on polyimide. The main problem was due to edge effects while dipcoating the isolating 

layer. In Figure 20 a non-uniform thickness characterized by a clear thinning of the dielectric layer near the 

edges can be observed at the cross section. This edge effect is definitely undesired as it would affect the 

performance and even more the reproducibility of a transistor. Using round fibres is expected to eliminate 

this problem. Also this research did not try to deposit a semiconductive layer yet [20]. 

 

Figure 20 - Edge effect of PI layer coated on PES ribbon from 15w% DMF/PI solution [20] 
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The second possibility is more complex, but also more promising form a textile point of view and consists of 

developing a yarn or fibre with a cylindrical geometry with transistor properties that can be directly applied 

in textile process. In this case the different geometry of the device requires a redesign of the TFT structure 

and production technique. Also the electronic model will be different from flat TFT devices. The typical 

MOSFET equations can be recalculated for a cylindrical substrate which leads to the equation (Eq. 7) for the 

capacitance and (Eq. 8) for the drain-source current [29]. 

0 ln

r

o

i

C
r

r
r




 
 
 

 

(Eq. 7)  

 
2

2

2
ln

DSr
DS GS T DS

o

i

V
I V V V

L r

r



 

   
   
 
 

 

(Eq. 8)  

In these equations 0r and ir  are the radius of the outer and inner diameter of the cylinder respectively. 

One way in realizing a FET on a fibre consists of using a metallic cylindrical filament such as copper. The 

copper filament itself serves as substrate and gate. On the metallic wire we deposit a thin insulating layer as a 

gate insulator and on top of this a semiconductor layer should be implemented.  The thickness of the former 

should be targeted around 500 nm, the latter around 100 nm [29]. Finally we need to deposit two electrodes 

with a longitudinal width of several diameters of the filament. This is to ensure the electrical connection in a 

woven structure between crossing cylinders, assuming that the yarn could be employed in a woven structure. 

This is not self evident from a topological fact. The contact surface between two crossing straight fibres is 

just a point, which does not allow a lot of current to flow. This can be improved by applying pressure on the 

two cylinders to develop a circular contact surface and bending the fibre to transform the contact point to a 

contact line. Alternative to this structure depositing the electrodes can also be deposited before the 

semiconductor is applied. This possibility provides some advantages from the process point of view. It is 

easier to make the metallic evaporation on an insulating material and prevents the semiconductor to be 

polluted by metallic particles or by chemical or temperature effects during the deposition. Both the top and 

bottom-contact configurations are represented in Figure 21. Finally to prevent any damage of this structure it 

will be necessary to realize and localize an encapsulation above the semiconductor. This encapsulation must 

be limited in the way to let the access to the electrical contacts source, gate and drain [55]. 

      

Figure 21 - Structure of a thin film transistor on a conductive cylindrical substrate top-contacted and 

bottom-contacted (right) [29] 

Lee et al. fabricated organic pentacene-based thin film transistors directly onto fibres employing a weave-

masking process. Aluminium and stainless steel wires were used as gate and coated with a thin dielectric 

layer consisting of cross-linked PVP (Figure 22 a). Next silicon dioxide was deposited using chemical vapour 

deposition at 450 °C. The active areas of the transistor are defined by the over-woven masking fibres having 

a diameter of 50 µm (Figure 22 b and e). Channel length of these transistors is thus approximately equal to 

diameter of the masking fibres. Subsequently gold is evaporated in the gaps between the masking fibres to 

form the source and drain pad regions (Figure 22 f). Contacts to the source and drain regions of the transistor 

could be made by conductive lines woven orthogonal to the direction of the fibre containing the transistor 

(Figure 22 c). The resulting transistor had a significant gate leakage in the order of several nA and indicates 

the development of a high quality dielectric on a cylindrical fibre is a serious concern. The high defect 
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density accounts to surface roughness of the gate filaments. The obtained mobility achieved was 0,5 cm²/V.s. 

Further disadvantages of the suggested process are the use of relatively high temperature for chemical vapour 

deposition which makes the use of other than metal substrates impossible [28]. 

 

Figure 22 - Process flow for weave-patterned transistors on fibre. (a) A gate line is coated with a 

dielectric and then an active layer. (b) Source and drain pads are patterned by overwoven fibres. (c) 

Contacts could be made by cross-woven lines (e) illustration of the masking process using overwoven 

fibres of 50 µm. (f) Channel strips of pentacene visible between the gold pads [28] 

Maccioni et al. [56] used a similar approach starting from a cylindrical metal fibre with a diameter of 45 µm 

covered by a uniform layer of polyimide of 1 µm. The active layer was also formed by evaporating pentacene 

on the structure. This was done without rotating the fibre resulting in a non-uniform coverage. Electrodes 

were made by direct evaporation of gold using a crossing wire shadow mask and by soft lithography of 

poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS). The resulting transistor exhibited a 

good performance, with typical values of the electronic parameters comparable to those of planar devices. 

On-off ratios in the order of 10
4
 were obtained and the mobility values in the order of 10

-2
 cm²/V.s. Gold 

based transistors had a higher on-off ratio, but in terms of mobility and threshold value the PEDOT based 

transistors performed much better.  

In order to develop integrated circuits using transistors developed on fibres, one may need to form 

interconnections between drain, gate or source metal pads on the fibres containing the transistors and 

orthogonal conductive threads. This is a very challenging task and one would need to design the circuitry 

such that it is fault tolerant and able to withstand a much higher number of defects than circuits on a silicon 

chip. In Lee et al. [28] interconnections to the gate were made at places along the filament, where the 

coatings are not present or removed. Contacts to source and drain was made with conductive filaments 

orthogonally woven to the direction of the fibre containing the transistor only using mechanical contact as 

described before. Separation between the source and drain metallic fibres was realised by using an isolating 

mask fibre. This set-up makes it possible to build simple circuits directly into fabric of which an example is 

illustrated in Figure 23  [30]. 
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Figure 23 - Schematic cross section of a transistor fibre with B connecting source and drain conductors 

and A the isolating layer. (left). Example of a ring oscillator structure. This structure implies the 

implementation of different conductivity properties (insulating, metal, semiconductor) on the same 

yarn (right) 

Some organic semiconductive materials exhibit strong sensitivity to some chemical species as oxygen and 

other gaseous substances and what is considered as detrimental for the behaviour of transistor devices can be 

considered in a favourable way when exploring a possible application as sensor devices. The versatility of 

chemical synthesis can allow to develop specific functionalization of organic semiconductors for specific 

chemical detection. Textile based transistors can be especially useful as pressure or strain sensors because the 

device deforms by a mechanical stimulus. The current flowing through a transistor depends on W/L ratio that 

can alter when the device is bent or stretched. Current also depends on the capacitance of the insulating layer 

which might alter due to a possible thinning of the insulating film thickness. Finally even carrier mobility, 

threshold voltage and contact resistance can change under stress-induced interface effects at the 

semiconductive layer. This property can allow interesting application of textile devices for biomedical and 

biomechanical signal detection [29, 30] [34]. 

Simple sensing structures according to a matrix scheme similar to the representation in Figure 24 have 

already been realized by textile techniques [2]. These structures can be used for routing electrical signals in a 

textile fabric. One existing example is the ‗wearable motherboard‘, displayed in Figure 25, where optical 

fibres are used to detect impact in the shirt. In this case electrically conductive fibres are embedded for 

routing of numerous other sensor signals such as temperature and heart rate [57].  

 

Figure 24 - Components connected by a gate array switching network of fibre switches [2] 
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Figure 25 - Wearable motherboard developed by Sensatex [57] 

De Rossi et al. had the idea to use strain gauge sensor arrays to detect body movement [58]. The sensors are 

directly deposited on the fabric. Movement is detected utilizing resistance changes by deformation as sensor 

signal. Fibrous transistors would serve as excellent movement detectors, because the W/L ratio of the channel 

would change slightly when bending or stretching the fabric. This affects drain-source current and makes the 

movement of the wearer detectable. This principle has been described on flat ribbons [34] and is illustrated in 

Figure 26.   

 

Figure 26 - Drain-source current affected by bending of transistor built on polyester ribbon [34] 

Each day many people face neurological conditions such as paraplegia mainly triggered by trauma after a 

serious accident or suffer through incurable diseases involving nerve degeneration. In Europe alone almost 

600000 people have a condition known as retinis pigmentosa or macula degeneration which can ultimately 

lead to blindness. Functional electrical stimulation is a technique used to electrically excite muscles or 

sensory organs including vision and hearing in order to reduce pain, enhance healing and neurologically 

rehabilitate different organs which are irrecoverably damaged. However, in the case of conventional 

electrotherapy, there are problems related to the surface electrode placed on the patient. In general, 

neurostimulation electrodes are attached to the skin by adhesive, suction or with an elastic band. Therefore, 

patients cannot move freely during treatment because the electrodes are not tightly attached to skin. 

Furthermore, because the materials for the electrode must provide constant current with low resistance, they 

should be flexible and closely adhered to the human skin. Therefore, the interest in manufacturing pad 

electrode material has grown to improve their electroconductive and physical properties. In the case of retinis 

pigmentosa an electrode array is used to apply current pulses. Because in the eye alone there are about 2x10
8
 

receptors a huge amount of electrodes arranged in an array similar to the one illustrated in Figure 27 is 

necessary to stimulate sensory organs. To address this problem flexible electronic circuits on microelectrodes 

are used. The use of fibrous transistor switches would be of enormous interest in the field medical treatment 

by electrical stimulation, like in the case of revalidation. It would allow easy control of electrodes without the 

wearer having any discomfort [2, 42]. Electrostimulation nowadays is already used to help athletes warming 

up and even work out [59]. Integrating electrodes and fibrous switches into their outfit, without adding 

additional weight or hindering components, would make this technique much more interesting. Fibrous 

transistors could be furthermore used to activate a heating system, when sensors notice the athlete is resting 

in order to keep muscles warm. 
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Figure 27 - NxM electrode array [42] 

This thesis of realising a textile transistor is framed in the European ProeTEX project involving 23 partners 

from industry and research. The goal of the four year project was the development of a full system for fire 

fighters and civil protection workers plus a limited system for injured civilians as illustrated in Figure 28. 

Textile and fibre based integrated smart wearables for emergency disaster intervention personnel with a goal 

of improving their safety, coordination and efficiency and additional systems for injured civilians aimed at 

optimising their survival management are developed. When fire fighters have to enter a dangerous building, 

the time they are allowed to be entered is limited due to safety regulations. In some cases this time can 

already be too long and still every year casualties are to be regretted which could have been avoided. In other 

cases the fire fighter could have stayed longer inside without any danger giving him more time to save 

possible victims. The operator‗s health status such as heart rate, oxygen content and core body temperature 

and surrounding environment potential risk sources including ambient temperature and dangerous toxic 

gasses could be monitored by an army of sensors integrated into the fire-fighter suit. This provides them with 

useful real-time information and/or alarms. Sending the collected data between the operator and the central 

unit allows verifying in real-time the condition of every single fire fighter and interfere when needed. As fire 

fighter suits are already rather heavy and a free movement is indispensible for rescue works all these safety 

measurements should interfere as little as possible with the free moving comfort. This is now realized by a 

rather voluminous and heavy central processing unit. A need of fully integrated electronic textiles becomes 

clear and development textile based transistors are a crucial step in realizing this goal [5]. 

 

Figure 28 – Illustration of the ProeTEX firefighter suit with rather heavy electronics 
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1.5 Scope of the thesis 

As stated in this chapter, development of textile-based fibrous transistors is an essential missing piece in 

realisation of fully integrated electronic textiles. For computing applications thin film transistors are usually 

avoided since speed and performance of conventional transistors is significantly superior. In many e-textile 

applications, such as sensing, simple actuation and basic logic circuits, switching rate is low and size of the 

transistor can be relatively large. In other words the goal is not to develop superior high quality transistors 

that would replace conventional inorganic transistors, but flexible electronic switches that would allow fully 

integrated textile electronics [28]. 

Textile industries have used metal yarns for years in the form of staple fibres, multifilament yarns or twisting 

metal fibres around of filament. Usually a single metal filament is avoided, because of problems due to 

flexibility and resilience which is lower than other natural or artificial yarns and resistance to stretching and 

friction, preventing its use with standard weaving machines [30]. Inspired on the copper coating of aramide 

woven fabrics [18], the current approach will be to make a transistor fibre with a polymeric filament as a 

substrate, more specifically polyester. These fibres can be easily knitted or woven to form fabrics. Polyester 

is not only a lot cheaper compared to copper wire, but it also holds an inherent advantage of higher 

flexibility, sufficient strength, higher extensibility and better processability. The diameter can be tailored 

easily. Furthermore, as many textile fabrics are composed of polyester fibres, this would allow the fully 

integrated electronic circuit to behave more natural having approximately the same mechanical parameters as 

the surrounding textile fibres. Possible issues that have to be taken into consideration compared to metallic 

gate fibres are mainly related to the relative low glass transition and decomposition temperature of polyester 

fibres. This will direct the focus of the thesis to low temperature processes for applying the different layers 

holding several challenges. Special attention will be paid to low cost  solution based processes to allow 

economically viable upscaling. The preferred OTFT configuration is bottom-gate top-contacted, to allow 

formation of contacts via traditional textile processes such as weaving (Figure 23).  

In the first step polypyrrole coating followed by electroless copper deposition on a polyester substrate fibre is 

optimized to achieve a reproductive copper layer. The effect of the fibre diameter is examined and ideal 

process parameters including pre-treatment, pH and reaction time is taken into account. The main properties 

to be tested are electric conductivity and stability over time. 

In a second phase a dielectric layer is deposited using a dipcoating process. The effect of using a cylindrical 

substrate instead of polymer ribbons will be examined. Ideal combination of dipcoating speed and 

concentration of PI are determined and the effect of solvent is taken into account. The criteria are to achieve 

an isolating layer with minimal thickness and maximal capacitance to optimize the transistor performance. In 

order to ensure optimal interface conditions between the isolating and active layer the surface morphology of 

the dielectric layer is examined and ideal processing conditions for reproducible results are to be determined. 

The subsequent step includes the choice of an appropriate soluble polymeric semiconductor to provide the 

channel layer and a matching solvent that has a good wettability on the dielectric layer without causing any 

damage. A way of deposition of the active semiconductor on a fibrous substrate will be examined. This step 

is critical, because very good morphological properties are required on a molecular level.  

Finally a suitable material has to be determined for the source and drain electrodes. A way of deposition in 

such a way that a small channel layer is formed also has to be investigated. This will be necessary to test the 

transistor behaviour of the fibre. 
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Chapter 2 Materials and methods 

2.1 Gate electrode 

The gate electrode will be applied using electroless deposition of copper (Cu). This requires that a good 

polypyrrole (ppy) layer is deposited first as a host for the copper ions, as explained in paragraph 3.2.2.1. 

Polyester fibres were used as a substrate with a respective diameter of 150, 300, 500 and 888 µm delivered 

from the company Teijin. All chemicals used in this thesis are delivered from the company Sigma-Aldrich 

unless mentioned differently. An overview of the used chemicals for the gate layer can be found in Table 1.  

2.1.1 Polypyrrole layer 

Before any coating can take place thorough rinsing is important to remove all dirt and dust particles. If this 

step is skipped coating takes places over these impurities resulting in an inhomogeneous coated layer with 

increased risk of delamination and damage to the polypyrrole film. The resulting coating is grey coloured and 

any subsequent rinsing with distilled water completely removes the layer. Different conditions of washing 

have been tested, including HCl in methanol and Na2CO3. Ideal results have been obtained by rinsing the 

polyester substrate filaments in 2,0M NaOH solution during 30 minutes at 80 °C. Shorter rinsing resulted in 

worse coatings and longer rinsing did not show any significant improvement. The rinsing step is finalized by 

washing under running distilled water [20]. After rinsing, the fibres are put in an upright position in a 

reacting vessel to improve quality of the coating. Experimentally it was observed that too many fibres in the 

solution results in a more inhomogeneous coating. This can be explained due to the reduced diffusion 

coefficient of the pyrrole molecules that are being deposited on the substrate when the fibres are overlapping.  

The amount of fibres per reacting vessel of 40ml has been limited to maximum 20. 

During the rinsing procedure pyrrole monomer solution and initiator solution are prepared. Optimal pyrrole 

concentration has been determined at 0,04M in aqueous solution [18]. The initiator solution consists of FeCl3 

and benzoic sulphonic acid in concentration of 0,093 and 0,013M respectively. The former one acts as an 

initiating oxidant for the reaction, the latter provides the required counter anions having a stabilizing function 

on the polypyrrole film as explained in paragraph 3.1.2. FeCl3 is also believed to have doping characteristics 

[60]. Both solutions are made in the same volume and cooled down to 4 °C. The volume of the added stock is 

always identical to the initial volume of the pyrrole solution, meaning that the actual concentrations of 

pyrrole, FeCl3 and benzene sulphonic acid are half of the values mentioned above. The two solutions are well 

mixed and divided among the smaller reacting vessels containing the fibres. Almost immediately the 

polymerisation reaction is initiated, which can be observed by a quick change of the solution colour from 

orange to grey-green that gets darker as the reaction proceeds. The reaction mixture is kept at a controlled 

temperature of 4 °C during the entire reaction. Ideal reaction time was to be determined. Tested reaction 

times were 60,120 and 180 minutes. Once half of the reaction time has passed the mixtures are carefully 

shaken to eliminate the effect of limited diffusion where fibres overlap. 

The reaction is terminated by rinsing the now green-black filaments under distilled water until no coating 

residues are visible on the filament and the rinsing water appears transparent and colourless. Subsequently 

the filaments have to be dried very well to avoid degradation by water. Initially a hair dryer is used to remove 

most of the water. Then the filaments are put in the oven for 24 hours to allow complete drying. Literature 

suggests temperature of 40 °C [3, 18, 61]. 

2.1.2 Copper layer 

As the polypyrrole coated fibres dried for 24 hours at 40 °C in an oven, deposition of dust particles on the 

substrate surface is unavoidable. Hence, the fibres have to be cleaned. Treating them with NaOH causes 

severe damage to the polypyrrole coating. Cleaning with distilled water has shown to provide sufficient 

cleaning with minimal damage to the polypyrrole layer [20].   

Electroless deposition of copper on the polypyrrole layer requires that a Palladium (Pd) catalyst is present. 

Tin (Sn) is needed as a sensitizer due to the surface inertness. The concentration of PdCl2 and SnC2 were set 

at 5,9.10
-3

 and 9,8.10
-2 

M [18]. The solution can be prepared by dissolving 1 g of PdCl2 in 60 ml of 37w% 

HCl solution. This step takes 6 to 12 hours until the colour of the solution turns to dark brown and the 

palladium is dissolved. Subsequently 22 g of SnCl2 are added together with distilled water until 1 litre is 
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obtained. The solution is ready for use after 3 to 6 hours. Now the cleaned substrate is immersed in this 

solution for at least 10 minutes [3, 18]. Next the substrate is washed with distilled water. Drying is sometimes 

recommended, although in this step some contamination would be unavoidable. Experiments to test the 

necessity of this step will be conducted. Finally to remove the stabilized tin ions the substrate is immersed in 

1w% hydrochloric acid solution during 2 minutes. Rinsing distilled water is required to avoid HCl 

contamination. 

With the Pd catalyst applied, the substrate is now ready to undergo the electroless copper plating. For the 

electroless plating of copper to proceed, the minimum requirements of the plating solution are presence of a 

metal salt and a reducing agent. Simple cupric salts such as copper sulphate can be used as a source for 

copper. In Gasana et al. optimal concentration of copper sulphate has been found at 0,04 M. At lower copper 

concentration, the resistance of the obtained fibres is much higher because so few copper is deposited that the 

seed layer could not grow until a smooth copper layer was obtained. Higher concentrations did not show any 

improvement in terms of conductivity [18]. This is illustrated in Figure 29. The plating reaction has been 

observed to proceed better at higher pH. To this end a concentration of 0,25 M NaOH was recommended 

[18]. The ideal pH has to be determined. Insoluble copper hydroxide is formed at high pH necessary for the 

plating media, complexing or chelating agents are necessary. Therefore Kalium-natrium-tartraat tetrahydrate 

better known as Rochelle salt is added to avoid precipitation of Cu(II) as copper hydroxide at a concentration 

of 0,18 M [18].  

A copper containing solution is prepared according to the concentrations mentioned above, unless mentioned 

differently. The sensitised, activated and accelerated substrate fibres are added to the solution in a 25ml 

reaction vessel. Next the reducing agent is added in order to initiate the reduction reaction. The most 

commonly used reducing agent is formaldehyde [62]. The optimal formaldehyde concentration of 5g/L, 

which corresponds to 0,167 M, also follows from Figure 29 [18]. The amount of fibres was limited to 

maximum 10 per vessel. This was done because the copper coating reaction does not initiate at exactly the 

same moment for all fibres. Reaction time was varied from 1 to 30 minutes in order to determine the optimal 

reaction time.  

 

Figure 29 - Ohmic resistance of a polypyrrole and copper coated aramide fabric. Different curves 

correspond with varying formaldehyde concentration of (1) 1; (2) 2; (3) 4; (4) 5; (5) 7 and  

(6) 10 g/l. The copper concentration is varied from 0,02 to 0,1 mol/l
 
[18] 

Citric acid and sodiumphosphite at concentrations of 10 g/l can be used to increase gloss of the copper layer. 

This step can also be used to remove an oxidative layer if the fibres have been stored for a very long time. 

Afterwards again thorough drying is required. This step is optional. 

Finally the fibres have to be dried carefully with a hair dryer to avoid oxidative degradation. When not 

properly dried the copper layer would completely oxidize in less than 2 weeks. Next drying in the oven at 40 

°C for another 24 hours is recommended to remove any residual liquid [20]. 
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Table 1 - List of used chemicals for the gate layer 

Polypyrrole layer   

Sodium hydroxide 50w% FW=40 ρ=1,515 

Pyrrole 98% pure FW=67,09 ρ=0,967 

Benzoic sulphonic acid 97% pure FW=158,18  

Iron(III)chloride hexahydrate >98% pure FW=270,30 

Copper layer   

Tin(II)chloride 98% pure FW=225,63 ρ=2,71  

Palladium(II)chloride 99,9% pure FW=177,31 ρ=4 

Hydrochloric acid 37% pure FW=36,49 ρ=1,19 

Formaldehyde 37% pure FW=30,03 ρ=1,083 

Sodium hydroxide 50w% FW=40 ρ=1,515 

Copper(III)sulphate pentahydrate 98% pure FW=249,68 ρ=1,284 

Kalium-natrium-tartraat tetrahydrate 99% pure FW=282,23 

2.2 Dielectric layer 
A dielectric polyimide (PI) layer will be deposited using dipcoating. Dipcoating is a physical process used to 

deposit thin layers on a substrate. The department of Inorganic and Physical Chemistry at Ghent University 

possesses over a dipcoater which is located in their cleanroom on a vibration free table. These precautions are 

important to avoid any kind of contamination or inhomogenities and guarantee a constant thickness of the 

coated layer. Dipcoating was used for deposition of the dielectric and semiconductive layer.  

The substrate is immersed in a liquid and lifted out of the solution at a preset speed. The dipcoater can be 

used in a speed range of 0,1 – 170 mm/min. The schematic representation of a standard dipcoater can be 

found in Figure 30. 

 

Figure 30 - Schematic representation dipcoater [34] 

After dipcoating a part of the solution will remain on the substrate, which will form the coated film after the 

solvent has evaporated. The thickness of the coated layer depends on several forces: 



 

 

25 

 

- Viscosity of the solution which acts in upwards direction when lifting the sample out of the solution. 

This value is mainly affected by the concentration of dissolved product, the kind of solvent used and the 

working temperature. 

- Gravity, causing the deposited layer to flow down and partially return to the solution 

- Surface tension at the interface of the substrate and deposited solution 

- Surface tension at the interface of the deposited solution and air  

- Inertia forces when lifting sample out of the solution 

- Adhesion forces of the liquid to the substrate which will be affected by the substrate roughness and 

wettability 

Theoretically, the obtained thickness (h) of the deposited layer via dipcoating can be estimated via the 

Landau-Levich Expression for a flat substrate, displayed in (Eq. 9) [20]. 
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(Eq. 9)  

In (Eq. 9)   is the viscosity of the solution, v is the dipcoating speed,   is the surface tension of the 

solution,  is the solution density and g is the specific gravity. Furthermore roughness and heterogeneity of 

the surface is not taken into account in this equation. 

As follows from the Landau-Levich equation for cylindrical substrates (Eq. 10), the film thickness on a fibre 

also depends on the fibre radius. This equation is used for a horizontal film deposition and does not take into 

account gravity and density of the solution. Furthermore, just like in (Eq. 9) surface roughness is not 

considered. 
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(Eq. 10)  

In this equation r is the fibre radius, Ca is the capillary number which depends on the viscosity , the 

withdrawal speed v  and the liquid-air interface surface tension liquid air   [63, 64]. 

When drawing a fibre out of a liquid a meniscus is formed, as in Figure 31, which will start to deform until a 

liquid film with thickness h on the fibre surface is formed. If the capillary number becomes too high, a 

phenomenon named liquid film instability starts to arise. The effect is illustrated in Figure 32. In 1869 Joseph 

Plateau discovered that this behaviour is related to the surface tension of the liquid film. Lord Rayleigh 

continued the work of Plateau and demonstrated that a film, surrounding a cylindrical body, breaks down into 

droplets with a well defined wavelength, because a droplet shape offers a more advantageous relation of 

volume and surface area compared to a cylindrical shape.  If the capillary number is larger than 10
-2

 liquid 

film instability starts to develop [63, 64]. 

 

Figure 31 - Meniscus formed when drawing a fibre out of a liquid with withdrawal rate v0 and 

obtained liquid film thickness h [65] 
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Figure 32 - Illustration of a stable cylindrical film (above) and cylindrical liquid film instability with 

wavelength λR (below) [65] 

Dipcoating of the PI layer so far has only been tested on a metal copper wire [42] and a polyester ribbon [20], 

but not on coppercoated polyester fibres. One of the reasons for this is, that until now, no reliable conductive 

fibres had been realised using the electroless copperplating approach [20]. On fibres with the largest tested 

diameter of 888µm a reproducible conductive layer has been established. From (Eq. 10) it was concluded the 

layer thickness depends on the substrate curvature. A thicker layer is obtained for an increased radius. 

Furthermore it has been reported by Quere et al. [64] liquid films formed on fibres of radius ranging between 

10 and 100 µm get unstable if its film thickness becomes greater than a few 100 Å. Stability of a film 

deposited on fibres with a higher radius is expected to be more stable. PI deposition will be conducted using 

PES with diameter of 888 µm. The used fibres were copper coated at a concentration of 0,3 M NaOH for 6 

minutes on a polypyrrole layer deposited for 180 minutes and subsequently dried at 40 °C.  

All chemicals used for this step are summarized in Table 2. Polyimide solutions will be prepared from 

dimethylformaldehyde (DMF) and N-methyl-2-pyrrolidone (NMP). Concentrations of the DMF based 

solutions varied from 7,5-17,5w% in steps of 2,5%. For NMP the examined concentrations were 12,5 and 

15w%. As the weight percentage is increased the time required to obtain a homogenous solution is increased 

as well. Because water acts as a non solvent for PI, it is important to work in very dry conditions. Glasswork 

is dried in an oven at 90 °C for 24 hours. Next, the solution is prepared and mixed for another 24 hours using 

magnetic stirrers.  Stirring speed should not be too high in order to eliminate air bubbles that get entrapped in 

the solution.  

Dipcoating requires good wetting properties or in other words the adhesion forces should be larger than the 

cohesion forces of the solution. At the textile department no equipment for testing wettability on fibres is 

available and therefore tests have been conducted on flat substrate materials. It has to be noted that the 

wetting of cylindrical substrates, such as fibres, is a lot more complex because also curvature depending 

factors have to be taken into account.  Due to equipment restrictions, wettability has to be tested on flat 

substrates, in this case copper foil. Remaining fat residues from processing, dirt particles and oxidation are 

considered the cause that the wettability of untreated copper foil was rather low. Improvement has been 

tested using distilled water, oxidation with hydrogen peroxide, chloroform and methanol. The latter showed 

best results without damaging the copper, decreasing contact angle from 45° to 20° [20].  Therefore fibres 

will be pretreated with methanol for 2 minutes to remove dirt particles and improve the contact angle. 

Subsequently they will be shortly immersed in DMF and dried carefully to avoid any water contamination. 

The effect of the pre-treatment step will be verified. Finally it should be noted that fibres also may absorb 

liquids and consequently their surface energy changes [65, 66] 

In the following step the PI coating is applied using the dipcoater. Prior research has demonstrated dipcoating 

with PI on PES ribbons from DMF solutions at concentration lower than 10w% allowed a good coating, but 

did not provide insulating properties. Fully isolating layers on the PES ribbons were only obtained with 

concentration of 10w% and using coating speeds equal to or higher than 75mm/min [20]. With increasing 

concentration, the speed at which an isolating coating is obtained, decreases. Using DMF as a solvent the 

maximum PI concentration is around 20w% [20]. At this concentration the viscosity becomes very high and 

delamination of the dielectric layer is observed. From (Eq. 9) and (Eq. 10) it follows that thickness of the 

dielectric layer can be tailored by changing dipcoating speed and solvent viscosity. Increasing either of these 

parameters will lead to a thicker dielectric layer. The viscosity can be increased by increasing the 

concentration of polymer in the solution. At higher dipcoating velocity more solvent will stick to the 

substrate and improve the insulating behaviour of the dielectric layer. Too high dipcoating speed could 

eventually lead to delamination.  

After dipcoating the fibres are dried for 24 hours in ambient conditions at 22 °C in vertical position. In a later 

stage of the research solvent is evaporated at 60 °C in dry conditions resulted in a better morphology and the 
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procedure was adjusted. The temperature in the dust free cleanroom at the department of Inorganic and 

Physical Chemistry is controlled at 22 °C. The relative humidity, however, is dependent on atmospheric 

conditions. 

Table 2 - List of used chemicals for the dielectric layer 

Dielectric polyimide layer   

Methanol 99,8% pure  

Polyimide resin (AlfaAesar) 99,8% pure lot N°H24Q28  

CAS N°62929-62-6 

Dimethylformaldehyde (Normapur) 99% pure FW=73,09 ρ=0,945 FP=58 °C 

N-Methyl-2-pyrrolidone 99% pure FW=99,13 ρ=1,028 FP=91 °C 

Historesin embedding Kit (Leica)   

Silver pigmented conductive adhesive Shieldokit  

3980 (Holland shielding systems BV) 

  

Copper film substrates 25x50 mm    

2.3 Active semiconductive layer 

The used chemicals for realizing the active semiconductive layer are summarized in Table 3. The soluble organic 

semiconductor 6,13-bis(Triisopropylsilylethynyl)pentacene (TIPS-pentacene) was dissolved at concentrations 

varying from 0,5 - 2 w% in tetralin, dodecane and toluene. Both dipcoating and drop casting have been tested as 

deposition methods of the semiconductive layer. At Centexbel a corona treatment has been conducted on the 

samples to increase wettability of the fibres. Research is still ongoing to develop a good method for the 

semiconductive layer application. 

Table 3 - List of used chemicals for the active semiconductive layer 

Active semiconductive layer   

6,13-bis(Triisopropylsilylethynyl)pentacene  99% pure FW=639,08 

Tetralin 99% pure FW=132,21 ρ=0,969 FP=75 °C 

BP=204-207 °C 

Dodecane 99% pure FW=170,34 ρ=0,748 FP=71 °C 

BP=214-216 °C 

Toluene 99% pure FW=92,14 ρ=0,867  

BP=110,6 °C 

2.4 Source and drain electrodes 
Physical vapour deposition was applied for the source and drain electrodes. Here the material of choice was 

gold. A SCD030 Balzers vacuum deposition system at the department of Solid State Sciences at Ghent 

University was used. Gold target disks were put in the evaporation chamber. The sample was put under a 

vacuum of 0,07 mbar. Argon gas was introduced till a pressure of 0,12 mbar has been reached. Subsequently 

gold was evaporated onto the substrate under a high voltage and a current of 30 mA for 120 seconds. In this 

way a gold layer of a few 100 nm was formed.  
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For coating of flat samples used for the determination of the dielectric properties of the PI layer a flat mask 

with circular holes with a diameter of 5mm was used. The masking for the cylindrical fibres still had to be 

developed and is described in paragraph 6.4 

Furthermore, electrodes used for the dielectric characterisation of the PI layer were also produced using gold 

evaporation. 

2.5 Characterisation techniques 

2.5.1 Electric properties 

2.5.1.1 Four point resistivity measurement 

The conductivity of the copper coated samples was evaluated, using a technique generally known as four 

point probe resistivity measurement. This technique is used to eliminate measurement of wire resistance. 

Constant pressure was applied to improve the contact between the fibre and the probe. The four probes are 

applied in a linear fashion as illustrated in Figure 33.  

Current supply was applied to the two outer probes, the voltage meter between the inner probes. The 

parameters measured were the current flowing between the outer probes and the voltage drop across the inner 

probes. Only the quality of the layer between the voltage probes has an effect on the resulting resistance 

measurement.  Ultimately the resistance or conductivity can be calculated using the well know Ohm 

expression.  

Voltage U
R

Current I
   

(Eq. 11)  

The used four-point set up consists of an Ampere meter, type Fluke 75 Series II multimeter (resolution 0,01 

am), a DC power supply (Tti PL601) and a voltmeter type Digi tool IEC 1010 Digi 16 (Resolution 0,1 mV). 

The probes were formed by flat alligator clamps, delivered by the company RS components, applied to a 

small device consisting of a small PVC cube and 2 fixed PVC plates to ensure a constant distance between 

the measuring points. Distance between the two current contacts is fixed at 35 mm. Distance between the two 

voltage probes is 25 mm as can be seen from Figure 33. The set up was custom made from PVC plates to 

allow a reproducible resistance measurement.  

 

 

Figure 33 - Image a set up with 4 flat alligator clamps to make contact (left) and schematic 

representation (right) 

2.5.1.2 Leak current measurement 

To make the initial selection of processing conditions resulting in an isolating dielectric layer a digi tool IEC 

1010 Digi 16 multimeter in combination with alligator clamps were used. One clamp was put on the 

conductive copper layer of the samples at 10 mm from the point where the isolating coating starts. The other 

clamp was applied at 10 mm from the other side on the isolating layer, as indicated by Figure 34. To ensure a 

good contact silver based conductive adhesive Shieldokit 3980 from the company Holland Shielding Systems 

was applied on the samples. This was done to make sure that the isolating properties arose from the dielectric 

layer and not from a bad contact. A minimal measured resistance of 200 MΩ was used as a limit in order to 

get a first indication of the insulating behaviour of the dielectric layer. 
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Figure 34 - Representation of position of contact points for initial determination of leak current 

through dielectric layer 

The samples that showed good isolating properties during this first selection underwent further investigation 

of their isolating properties. On top of the dielectric layer a gold contact was sputtered using vacuum gold 

deposition. This gold electrode should have a surface area which will be representable for the source and 

drain contacts. Shadow masking using plastic tape was employed to make contacts with a length of 20 mm. 

During gold coating the backside of the fibres is not completely coated, unlike the top and the sides of the 

fibre. Assuming that 240° of the fibre‘s circumference will be coated for fibres with diameter of 888 µm, this 

leads to a surface area of approximately 74 mm². 

The gold electrodes not only make a much closer contact to the interface, but also extend over a larger 

surface area compared to the alligator clamps. The measurement was now done by measuring the current 

leakage through the dielectric layer at an increasing voltage between the gate copper contact and the gold 

deposited contact. This was initially done with an accuracy of 10
-5 

A and 10
-4 

V. The maximum generated 

voltage was 60 V. Samples should be isolating over the entire range. 

Finally the samples that were isolating in this second test were analysed up to pA accuracy with a sensitive 

V-A measuring set-up available in the department of Electronics and Information Systems at Ghent 

University under supervision of Filip Strubbe. Voltage was increased from 0 to 10V in steps of 1V. 

2.5.1.3 Dielectric measurement 

Measuring the dielectric value of the insulating layer material can be achieved by depositing electrodes 

directly on the insulting material thereby forming a capacitor [47]. The dielectric value can be derived by 

simple capacitance measurement using (Eq. 6) for a flat plate capacitor or (Eq. 7) for a cylindrical capacitor 

as described in paragraph 1.4. Because it is easier to calculate the dielectric constant from the surface area 

and the thickness of a flat plate capacitor copper plates with dimension of 25x50 mm will be used. The 

copper plates are first rinsed in 2,0 M HCl solution to eliminate contamination and copper oxide (CuO) and 

subsequently immersed in methanol to improve the wettability. Next the dielectric layer is applied using 

dipcoating and finally gold electrodes are deposited as described in paragraph 2.3. 

The dielectric properties are analysed using a HP LF Impedance Analyser 4192A with frequency range of 

5Hz up to 13MHz. Contact with the analyser is made using four point measurement to eliminate resistance of 

the wires. First the behaviour of capacitance in function of the frequency is tested. Next the best frequency is 

determined to measure the capacitance in function of the applied voltage ranging from  

-10 to 10 V at constant frequency. Area of the contacts is determined using optical microscopy and Cell^D 

analysis software. Thickness was measured using profilometry according to paragraph 2.5.2.1. 

2.5.1.4 Testing transistor properties 

To measure the transistor behaviour on the fibre three contacts will have to be made. The first circuit makes a 

contact between the gate and the source, the second one between drain and source. The source will therefore 

be at the same potential for both circuits and should be grounded. It is used as a reference point for the 

voltage measurements. As illustrated in Figure 35, two DC sources are needed to generate a VGS voltage to 

attract the charge carriers in the semiconductive layer towards interface between the dielectric and the 

semiconductive layer, generating a channel for charge conduction and one to generate the VDS voltage to 

allow charge to flow from source to drain. The ampere meter corresponding to A1 will be used to monitor 

leak currents. The ampere meter A2 is used to measure the drain-source current IDS across the channel layer.  
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Figure 35 - Configuration for testing transistor behaviour 

Most organic semiconductors, including the TIPS-pentacene, are of p-type. Therefore, a negative gate 

voltage has to be applied to generate a channel layer. Most DC power sources have a connection COM which 

is used for the negative current (assuming current flows from the positive to the negative side). Reversing the 

connection points is sufficient to generate a negative voltage.  During the measurements also a negative VDS 

will be applied. Two identical sources are used, that can deliver up to -30 V each. Drain source current IDS is 

monitored with a Fluke87 multimeter, which can measure with accuracy up to 100 nA. A TIPS-pentacene 

transistor effect is expected in the order of µA and should be measurable [53]. In Figure 36 the I-V 

characteristic of a film of TIPS-pentacene drop casted from 8w% tetralin solution is illustrated. The drain 

current was in the order of 100 nA and therefore it is believed something should be measurable with the set-

up used. 

 

Figure 36 - I-V characteristics for an OTFT with a TIPS-pentacene film deposited on a silicon wafer by 

drop casting from an 8w% tetralin solution [53]  

At the Centre of Microsystems Technology a set-up is available to measure transistor properties 

automatically. Contacts are made using gold needle probes. The device can measure up to an accuracy of  

10
-14

A and can sweep voltages automatically up to -1000 V. In essence the configuration is still the same as 

illustrated in Figure 35, only much more accurate. The set-up was operated by Benoit Bakeroot. 

Ambient conditions, such as light intensity and temperature during measuring will have an influence on the 

results. In this thesis work all electric measurements were performed in ambient air at room temperature and 

in ambient light conditions. As reported, transistor effect has been measured successfully for TIPS-pentacene 

[67, 68]  and vapour deposited pentacene [56] under these conditions.  
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2.5.2 Morphological properties  

2.5.2.1 Thickness measurement  

Thickness of the polyester fibres was measured by examining the cross section with an optical microscope 

using Cell^D software for data analysis. Measured values of thickness are in µm. Because cutting the 

samples as such would cause deformation of the layers, the samples were embedded prior to cross-sectioning.  

For this purpose a Historesin embedding kit (Leica) was used. 50 ml of a prepared networking polymer 

solution containing (2-hydroxylethyl)-methacrylate was mixed with 0,5 g dibenzolperoxide that acts as an 

activator. Finally dimethylsulfoxide was added in a 12:1 ratio as a hardener just before immersing the 

samples. After minimum four hours of curing the resin blocks are hard enough and a cross section of the 

coated fibres could be made for further examination. 

Thickness measurements of embedded samples were used to measure the effect of reaction time and diameter 

on the polypyrrole and subsequent copper layer. Furthermore it was used to confirm the increasing thickness 

with increasing withdrawal rate of the dipcoater and polymer concentration. 

Measuring the thickness of the dielectric layer deposited on the copper plates was impossible using the 

embedding approach, as the knife used for making cross sections cannot be used to cut through the copper 

plates. Peeling of the dielectric layer using liquid nitrogen was also impossible. The used approach was to 

scratch away a part of the dielectric layer using another copper plate and measuring the height difference 

with a contact probe. Measurements were performed using the Talystep (Tayler-Hobson) profilometer at the 

department of Solid State Sciences at Ghent University. 

2.5.2.2 Optical microscope 

Besides thickness measurements the Olympus optical microscope was used at the Department of Textiles. 

The optical microscope was used to examine to visual morphology of the fibres as well as the 

semiconductive layer deposited on a glass substrates. 

2.5.2.3 Scanning electron microscope 

Analysis of the surface morphology is performed using a scanning electron microscope of type FEI Quanta 

200F [18]. Scanning will be done in high vacuum mode under high voltage of 20 kV.  

The samples are bombarded with a primary electron beam of 100-400 keV. The image is formed by primary 

electrons that are backscattered and secondary electrons that are released upon collision with the electron 

beam. The latter are used for image formation and they can also provide information about the chemical 

composition of the analysed region. Because the wavelength of electrons is so small, the obtained resolution 

is many times higher than can be achieved with any kind of optical analysis [69].  

2.5.2.4 Atomic force microscope 

Semi-contacted tapping mode atomic force microscopy (AFM) was used to measure surface roughness of the 

copper and dielectric layer. Roughness values were calculated using WSXM 4.0 software [70] by plotting the 

number of events of an encountered height deviation in function of the value of that height deviation in nm. 

The root mean square of this value was used as a parameter to compare the relative roughness.  

2.5.2.5 Focussed ion beam (FIB) 

A focussed ion beam analyser was used, which is available at the cleanroom of the centre for Microsystems 

technology. A cross section of a material is made with a beam of ions in order to cut away material. 

Subsequently the cross section can be analysed by means of a SEM tilted under an angle of 52°.  

2.5.2.6 Crystallinity 

The crystallinity of the PI layers was measured using X-ray diffraction (XRD) analysis measurements were 

done with BRUKER D8 Discover device. The analysis angle 2θ was varied over the entire range from 3,9 to 

80,1°.  

2.5.2.7 Wettability testing 

The degree of wettability can be determined as the contact angle θ of a droplet on a solid surface between the 

tangent to the solid-liquid interface and the liquid-vapour interface. The angle θ is related to the two surface 

tensions solid air  and liquid air  and one interfacial tension solid liquid  . These parameters are connected via 
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the Young Equation (Eq. 12). The contact angle and is measured from the air phase towards the liquid phase 

as illustrated in  Figure 37 [66]. 

 

cos
solid gas solid liquid

liquid gas

 




 




  

(Eq. 12)  

 

Figure 37 - The contact angle θ depending on the surface tensions of the solid-air, liquid-air and solid-

liquid interface of the droplet. 

The measured angle is the equilibrium contact angle θe.  The angle θ can vary between 0° and 180°, the 

former corresponding with complete wetting and the latter with complete nonwettability. For complete 

wettability a flat mononuclear film will be formed on the wetted substrate. Complete nonwettability can be 

recognized by a droplet with only one contact point on the substrate. The different situations are illustrated in 

Figure 38. Due to imperfections and impurities the actual angle will be between these extreme values [65]. 

 

Figure 38 - Equilibrium contact angles (a) complete nonwettability with a contact angle close to 180° 

(b) complete wettability with a contact angle close to 0° (c) intermediate wettability [65] 

The degree of wettability of the polyimide dielectric layer with different solvents for the TIPS-pentacene was 

tested using a JVC Camera system oriented perpendicularly to a substrate material. A droplet will be applied 

using a syringe to assure a constant droplet volume. The angle will be calculated using Cell^D software 

immediately after the droplet has been deposited and stabilized. 

2.5.3 Process properties and conditions 

2.5.3.1 pH meter 

Determining pH of solutions was done using a pH meter ―Thermo electron corporation Orion 3 start pH 

Benchtop‖. pH measurement is based on determining a potential difference between the solution and a 

reference liquid in the probe. To have a good result the solution is put in contact with the probe for at least 

180 seconds before reading the measurement. 

2.5.3.2 Pycnometer 

A pycnometer was used to determine the density of the PI solutions. The volume of the empty pycnometer 

was calibrated using distilled water at the ambient temperature. Subsequently the mass of the empty 

pycnometer was determined after thorough drying. Next the pycnometer was filled with the PI solutions. 

From the measured mass of the liquid and the volume of the pycnometer the density of the PI solutions could 

be calculated.  
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2.5.3.3 Viscosity  

Viscosity measurements were done with Brookfield DVE device. When the resistance drops below 10% of 

the maximum range no accurate measurement can be obtained. The rotation speed can be varied from 100 to 

30 rpm and the resistance of the liquid on a spring is measured and automatically correlated to the immersed 

surface area and weight of the plunger.  

2.5.3.4 Surface tension 

Surface tension of the different polyimide solutions was tested using Krüss DSA 30 device available at the 

department of Inorganic and Physical Chemistry at Ghent University. Supplier software calculates the surface 

tension based on the shape of a droplet hanging from a needle with specified diameter at the moment neck 

formation in the droplet can be observed.  
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Chapter 3 Gate Electrode 

3.1 Polypyrrole 

3.1.1 Introduction 

Pyrrole is a heterocyclic aromatic organic compound consisting of a five-member ring with the formula 

C4H4NH (Figure 39). Polypyrroles are formed by the oxidation of pyrrole or substituted pyrrole monomer 

(Figure 40). Pyrrole was first chemically polymerized in 1916 by the oxidation of pyrrole with water to give 

a powder state known as pyrrole black. The use of pyrrole black is limited because it is insoluble and 

infusible nature. Therefore many methods have been developed in the form of blend-spun fibre or in situ 

polymerisation, the latter which will be used for this project [20, 61].  

 

Figure 39 - Pyrrole is an aromatic organic compound consisting of a five-member ring with the 

formula C4H4NH 

Among the π-conjugated polymer systems, which also include polyaniline, polyacetylene and polythiophe, 

polypyrrole has emerged as one of the most promising and most extensively studied conjugated polymers. 

This is due to its relatively good environmental stability, facile synthesis by chemical or electrochemical 

methods, interesting redox properties and higher conductivity than other conductive polymers. Furthermore 

polypyrrole has shown changes depending on ambient pH and on exposure to NH3 vapour, making it suitable 

for sensing purposes [18, 61, 62]. 

Electrical conductivity of polypyrrole coatings or films involves the movement of positively charged carriers 

or electrons along their polymer chains with conjugated double bonds or hopping of carriers between chains. 

The higher electrical conductivity of polypyrrole is due to presence of a larger number of positive charge 

carriers.  These polymers have good conductivity in AC mode, but lack conductive properties in DC mode 

[71]. In smart textiles, where batteries are main energy sources, good DC conductivity is off course crucial. 

Also for transistors DC conductivity is required. Polypyrrole will therefore not act as the gate material, but as 

an intermediate layer that can act as a receptor for electroless deposition of copper [18].  

 

Figure 40 - Molecular structure polypyrrole [60] 

3.1.2 Reaction mechanism 

Pyrrole can be polymerized on polymeric fibres to form a layer of polypyrrole on their surface [71]. The low 

oxidation potential of pyrrole allows various oxidizing reagents to initiate reaction. FeCl3 is used as initiator 

and the corresponding reaction is found in Figure 43 [18]. First an electron is withdrawn from the pyrrole 

monomer by Fe(III) acting as an electron receptor for pyrrole by reducing to Fe(II) and generates a radical 

cation. Combination of the two radical cations results in formation of a dication (Figure 41). Next 

deprotonation takes place resulting in a dimer. The electron withdrawing step is repeated at the dimers 
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forming a trimer and eventually results in formation of a polymeric chain (Figure 42). The polymers are 

insoluble in the polymerisation solution and will be deposited on the substrate. Studies have shown the 

reaction results in a cauliflower morphology which is attributed to the 3D-type nodular growth in these 

polymers [72]. 

 

Figure 41 - Oxidation of monomer forming a radical cation combining to form a dimer cation [60] 

 

Figure 42 - Deprotonation results in dimer from where cycle of oxidation and combination start all 

over again until eventually a polymer is formed [60] 

 

 

Figure 43 - FeCl3 as initiator for the polymerisation of pyrrole [60] 

The reaction temperature should be low enough in order to reduce the reaction speed. If the speed is too high, 

too much side branches and by-products are formed disrupting the continuity of the polymerization reaction 

resulting in a much lower adhesion to the textile substrate. This would cause the layer to be washed off by 

subsequent rinsing with distilled water [18]. Ideal reaction temperature was found at 4 °C [18]. 

It has been reported the stability of polypyrrole is rather limited  both due to intrinsic and extrinsic influences 

[60]. Intrinsic instability is mainly dealt with by conformation changes in the polymer backbone activated 

during thermal annealing process. The oxidation of polypyrrole is more vigorous at higher temperatures 

above 230 °C. Instability caused by thermal ageing may be due to loss of structural order of the polymer 

backbone caused by oxygen attack on the polypyrrole backbone. Mechanical structures of the Polypyrrole 

films including both thickness and surface morphology are also critical. Polypyrrole films with higher 

conjugation lengths and doping level in the polymer backbone are characterised by higher molar mass and 

thickness. Experimental investigations have shown longer deposition time, lower applied potential and 

reaction temperature and higher concentrations of monomer and electrolyte are favourable for conductivity 

and stability.  

Extrinsic instability of polypyrrole in ambient conditions is mainly due to conformation changes in the 

polymer backbone. Degradation is significantly more rapid in air, indicating that oxidation of the organic 

polymer backbone and thus the conjugation length is the primary cause of irreversible conductivity loss. 

Other factors of degradation are water or damaging radiation [71]. The exact mechanism for the degradation 

of conducting polymers in air is complex and not fully understood. It is believed oxygen and hydrogen react 

with nitrogen and carbon in the polypyrrole polymer chain the aromatic ring will be opened and shortened. 

As a result degradation of the conductivity can be measured [60, 71]. Figure 44 shows a possible degradation 

mechanism for the attack of polypyrrole with water. Disruption of the conjugation and reduction of the chain 

length are two causes of decreased conductivity. Other than water and oxygen the polymer can be attacked by 
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alkaline solutions during finishing treatments or laundering. In alkaline environment polymer ring oxidation 

and ion exchange between polypyrrole and OH
-
 are promoted.  

 

Figure 44 - Reaction mechanism degradation of polypyrrole by water [60] 

Dopants have proven successful in extending the stability of polypyrrole films. There are two main ways to 

explain the stabilization of polypyrrole films by dopant applications. Firstly, the carbonium chains doped 

with counter-anions balance the charge on the polypyrrole films and thus reduce the opportunities for oxygen 

to attack the C or N in the polypyrrole chain. Secondly the surface structure of the polypyrrole film is 

modified by dopants to produce a denser and smoother surface morphology to inhibit oxygen attack. The 

incorporation of large size aromatic dopants, such as anthraquinone-2-sulfonic acid, p-chlorobenzene 

sulphonate, p-toluene sulphonate, or benzene sulphonic acid (BSA), results in an improvement in the thermal 

stability of the polypyrrole coating [71]. For these reasons BSA was added to the reaction mixture. 

3.1.3 Determining the ideal reaction time 

The thickness of the film depends on the reaction time. Too low and there will be a reduced surface coverage, 

lower stability and less homogeneous subsequent copper coating. Too long and there are no longer significant 

differences that can be noticed or might even lead to increased risk of delamination. In literature a minimum 

reaction time of 60 minutes is recommended [18].  The ideal reaction time was determined on substrates with 

a diameter of 888 µm by varying duration of the coating to respectively 60, 120 and 180 minutes. Shorter 

reaction time clearly resulted in a much lighter colour shade, as can be seen in Figure 45. This signifies a thin 

layer. After 120 minutes a thin film had formed on the liquid surface. The samples that reacted for 180 

minutes had a slightly darker shade compared to samples that reacted for 120 minutes. All samples resulted 

in a good subsequent copper layer. Copper coating was performed under the optimal conditions as described 

in paragraph 3.3. The reproducibility of the subsequent copper layer appeared to be higher when the reaction 

time of polypyrrole coating was extended as can be concluded from Figure 46. Even a tiny scratch on the 

thinner polypyrrole layer results in removal of the whole layer and is believed to explain the more variable 

conductivity.  

 

Figure 45 - Polypyrrole layer after 60 (left), 120 (middle) and 180 (right) minutes on PES fibres with 

diameter of 888 µm 
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Figure 46 - Effect of polypyrrole reaction time on subsequent copper layer 

Thickness measurements have been conducted on polyester substrates of 888 µm coated with polypyrrole for 

different reaction times. Corresponding thickness of the polypyrrole layer after 60, 120 and 180 minutes was 

respectively 0,60 ± 0,22 µm, 3,33 ± 0,38 µm and 5,27 ± 0,50 µm. It also has to be noted that thickness of the 

polypyrrole layer is not constant over the entire circumference. This is not necessarily undesired as the effect 

could also arise from levelling out pores and bumps on the PES surface. An illustration of the polypyrrole 

layer after reaction time of 180 minutes is displayed in Figure 47. At the bump the layer seems to be thinner, 

but this also makes the resulting surface smoother. As a longer reaction time of 180 minutes results in a 

higher reproducibility of the subsequent copper it was chosen to use this setting for further experiments. 

Furthermore, as mention in paragraph 3.1.2 thicker ppy layers are more stable towards degradation. 

 

Figure 47 - Thickness of polypyrrole layer on polyester substrate fibre with diameter of 888 µm after 

180 minutes reaction time 

3.1.4 Importance pre-treatment step and good polypyrrole layer for subsequent copper 

coating 

A good homogeneous polypyrrole layer is crucial.  If this layer is damaged or missing, the quality of the 

subsequent copper layer will be inferior [61, 62]. To confirm the importance of the pre-rinsing, this step was 

skipped and an attempt was made to deposit a ppy layer on the untreated polyester substrate. The resulted 

ppy coating was non homogeneous, missing in some parts and was very easily washed off on subsequent 

rinsing. The importance of a good polypyrrole layer has been further tested by copper coating two samples 

that had some damage. One with damage due to delamination, the other with damage imposed using a cutting 

knife (Figure 48). The results are conclusive, where there is damage, there is either no DC conductive copper 

layer formed at all, or the copper coating is much thinner which can be measured by an increase in resistance. 

This resulting decrease in quality is illustrated in Figure 49. An explanation for this can be found in 

paragraph 3.2.2.1. 



 

 

38 

 

 

Figure 48 - Illustration damaged polypyrrole layer by cutting knife (left), delamination (middle) or 

skipping NaOH washing step (right) on polyester substrate fibres with diameter 888 µm 

 

Figure 49 - Inferior copper layer when skipping washing step with NaOH (left) and homogeneous 

copper layer when coating on good polypyrrole layer after 180 minutes (right) on PES substrates of 

diameter 888 µm 

3.1.5 Thermal annealing causes restructuring of the polypyrrole 

Annealing processes cause the restructuring of the polypyrrole molecules which may be partly due to the 

evaporation of residual solvent. Reordering improves local ordering within the polypyrrole films and 

decreases defect concentration. The morphology change in films of polypyrrole upon thermal annealing has 

been confirmed by a study of Singh et al. [73]. At higher temperature initially there an increase in 

conductivity is observed, which may be due to a rearrange of the conjugated chains resulting in an increased 

conjugated length. After longer time conductivity steadily decreases, due to accelerated degradation of the 

polypyrrole chains. Temperature and time are therefore crucial parameters [60, 71].  

The annealing temperature was suggested to be 40 °C for 24 hours. The effect of annealing at 60 °C and 90 

°C was tested. No visual difference was observed and also the subsequent copper layer appeared unaffected 

as illustrated in Figure 50. It has been reported that at high temperature the stability of the polypyrrole layer 

might be affected [60]. Due to these reasons, it was chosen to keep the annealing temperature at 40 °C. 

Differences in AC conductivity were not examined as we are only interested in DC conductivity.  

 

Figure 50 - Polypyrrole layer annealed at respectively 40, 60 and 90 °C. No difference could be 

observed 

3.1.6 Polypyrrole layer leads to a decrease of inhomogenities 

In situ polymerized polypyrrole is perfect for making homogeneous surfaces as it has been shown that 

polymerization of pyrrole onto polymeric track-etched membranes occurs both on the pore walls and on the 
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face surface of the membrane. This leads to a decrease of pore size during polymerization [18]. This has been 

observed under optical microscope, when comparing the rather rough surface of the PES substrate material to 

the much smoother obtained polypyrrole layer (Figure 51). Some irregularities can be attributed to the 

irregularities already present in the substrate PES material. In general it can be concluded that the used 

procedure leads to very satisfying results for the polypyrrole layer. 

 

Figure 51 - Good and smooth polypyrrole coating obtained after reaction time of 180 minutes  

(left, middle). Some irregularities can be attributed to initial roughness of PES fibres (right) 

3.1.7 Effect of fibre diameter 

Finally the effect of the fibre diameter was analysed as illustrated in Figure 52. Fibres with respective 

diameter of 888, 500, 300 and 150 µm were coated with polypyrrole for 180 minutes and annealed at 40 °C. 

All fibres were evenly coated. The fibre diameter did not affect the quality of the polypyrrole coating.  

 

Figure 52 - Homogeneous polypyrrole coating on polyester fibres with diameter of respectively 888, 

500, 300 and 150 µm 

3.2 Copper layer 

3.2.1 Introduction 

Because the polypyrrole layer is not DC conductive a subsequent treatment is needed to complete the gate 

layer. Among the various metallization processes, electroless metal plating is the preferred way to produce 

metal-coated materials as it can be used on non-conductive substrates at room temperature. It has been 

reported electroless coating with copper results in a good uniformity of coverage, excellent conductivity and 

good flexibility [18, 62].  

Besides creating a DC conductive gate electrode, the copper layer has another advantage. Stability and 

conductivity of polypyrrole films is further enhanced by the deposition of Cu. The reason arises from the 

stabilizing effect of Cu(I) on the N
+
 ions. Consequently the original N

+
 is stabilized into the Cu-Ppy complex. 

Therefore Cu-modified polypyrrole may contribute to the relative stability based on the viewpoint of the 

decrease in permeability of the polypyrrole film to water by adding large-sized metal ions into the film [62]. 

3.2.2 Reaction mechanism 

3.2.2.1 Sensitization, activation and acceleration 

Electroless deposition of copper requires an sensitization and activation step of the fibre surface using a 

SnCl2-PdCl2 solution [3]. The catalytic sites on the surface to be metalized are usually chemisorbed 

palladium nuclei. Previous studies have shown that the presence of nitrogen (N) atoms on non-conductors 

improves the chemisorptions of Pd [62]. It is believed that the N-centra in the pyrrole structure act as an 

acceptor Pd atoms, since N has a higher affinity for metals like Pd and copper. To facilitate the chemisorption 
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of Pd on the polymeric substrate, tin ions are used to sensitize the N-centra [18]. Seeds of tin initiate the 

chemisorption of Pd as illustrated in Figure 53. 

Deposition of palladium takes better place on polypyrrole. Tests to deposit copper directly to an activated 

surface, which doesn‘t contain N-centra, have been conducted and have proven to be unsuccessful. This is 

why the deposition of copper on the surface of the polyester fibres is improved by the deposition of the 

polypyrrole layer.  A homogeneous polypyrrole layer is required to guarantee a uniform Cu plating process. 

This explains why a missing or damaged polypyrrole coating lead to bad copper coated fibres [3, 18].  

 

Figure 53 - Schematic view of the palladium seeds (3) on the polypyrrole layer (2) coated on a PES 

substrate (1) 

SnCl2 is needed as a sensitizer due to the surface inertness of most conventional polymers for deposition of 

the Pd seeds. Because theses ions in themselves are nonreactive they have to be removed first in order to 

expose the Pd seeds for the subsequent electroless copper plating. This is done during the acceleration step 

using low concentration hydrochloric acid solution. It has been reported that the SnCl2 sensitization step can 

be bypassed if the polymer surfaces are first subjected to plasma or UV-laser treatment in nitrogen containing 

atmosphere to improve the active nitrogen-content of the surfaces of polymers such as polypyrrole and 

polyaniline. This method is based on the strong affinity of palladium towards nitrogen. This would allow 

skipping of the SnCl2 sensitization step as well as the acceleration step. For now no further attention to this 

will be paid as the first goal is to achieve a good working gate electrode on the polyester substrate in order to 

develop a working transistor. In further research however, it would be interesting to examine this approach 

[62].  

It is believed that the reduction reaction initiates at the palladium seeds. In Gasana et al. [18] it is suggested 

to dry the fibres after sensitization, activation, acceleration and subsequent rinsing with distilled water. 

Because this step involves taking the fibres out of the solution and drying them, a certain risk of damaging 

the uniformity of the Pd layer and potential contamination of the carefully treated fibres exists. After the 

coating procedure it was noticed that in a small fraction of the treaded samples the copper layer was missing 

in some parts of the fibre. This results in a strong decrease of the conductivity in the affected area. As a 

matter of test the drying step was skipped. No noticeable difference in performance of the obtained copper 

layer was observed. Furthermore the fraction of inhomogeneously coated fibres was seemingly smaller, but 

has not been further investigated. Because in any case the risk of contamination and damage to the Pd seeds 

was reduced, it was chosen to eliminate the drying step after the pre-treatment of the polypyrrole coated 

fibres. 

3.2.2.2 Electroless copper plating 

The electroless deposition from solution is explained by the mixed potential theory, a combination of an 

oxidation and reduction process. The driving force for this reaction arises from the potential difference that 

exists between the metal solution interface and the equilibrium electrode potential for the relevant half 

reactions. In a typical system, copper reduction and formaldehyde oxidation are the respectively cathodic and 

anodic reactions [3]. The standard redox potential E
0
 of formaldehyde depends on the pH of the solution as 

described in equations (Eq. 13) and (Eq. 14). Formaldehyde is responsible for the reduction of Cu(II) to 

metallic Cu. Sodium hydroxide is needed to activate formaldehyde. Based on the half-cell equation below, 

the pH of the solution will have to be above 12 for formaldehyde to be utilized as a reducing agent [62]. 
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For copper the relevant half equation is: 
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(Eq. 15)  

The overall electroless plating process can be described by the following equation: 

2 0

2 22 4 2 2Cu HCHO OH Cu H H O HCOO         (Eq. 16)  

3.2.2.3 Determination of ideal pH and effect on reaction speed 

The optimal concentration of NaOH and corresponding pH was tested. Polyester fibres were used with a 

diameter of 888 µm coated with a polypyrrole layer formed during 180 minutes and dried for 24 hours at 40 

°C. The concentrations of all parameters beside NaOH were kept constant. Concentration of NaOH was 

varied and tested from 0,05 M to 2 M and pH ranged from 9,419 to 13,227 as described in Table 4. Reaction 

time was 5 minutes for all samples unless mentioned differently. 

Table 4 - Concentration of NaOH and corresponding pH for copper coating 

Concentration [M] pH Concentration [M] pH 

0,05 9,419 0,35 13,039 

0,10 12,147 0,40 13,093 

0,15 12,520 0,45 13,120 

0,20 12,800 0,50 13,142 

0,25 12,919 1,00 13,165 

0,30 12,995 2,00 13,227 

At a concentration of 0,05 M or pH 9,419 there was no reduction of copper sulphate. For a concentration of 

0,10 M the reaction proceeded, although extremely slow. After the reaction time expired still no DC 

conductive layer had formed. Extending the reaction time for another 15 minutes was required to achieve a 

homogenous coated layer. After this time the resistance measured 1,76 Ω and the sample was lacking a shiny 

appearance.  

The minimal NaOH concentration for achieving a good copper layer within the predetermined reaction time 

was 0,15 M corresponding to a pH of 12,520. In the Figure 54 the average values of the resistance in function 

of the reaction pH are plotted. A distinction was made between samples reacting at a pH lower and higher 

than 13. At pH lower than 13 a clear improvement of the conductivity was noticed at increasing pH. The 

slope in this part of the graph is 9,24. When pH exceeded this value no significant improvement of 

conductivity within the set reaction time is observed and the slope dropped to 0,95. 

Under very high pH the corrosive OH
-
 ions could damage the underlying polypyrrole layer. However, at 

room temperature, concentrations as high as 1 and 2 M still did not generate any noticeable damage and 

resulted in a good copper layer. As no significant improvement of the conductivity was observed an optimal 

concentration of 0,30 M of NaOH corresponding to a pH of 13 could be concluded from these measurements. 

The average resistance determined 28 days after coating was 2,71 ± 0,58 Ω. 
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Figure 54 - Resistance copper layer in function of pH 

SEM analysis of the copper coated layers at concentrations of respectively 0,2; 0,25 and 0,3 M are illustrated 

in Figure 55 as in this region the slope of improved conductivity was the highest. At a magnification of 

5000x no significant differences in the morphology of the obtained copper layers could be observed. During 

SEM analysis spherical particles as observed in Figure 55 were analysed using EDX. They were identified as 

copper. They are a confirmation that the copper layers start to grow from the Pd seeds forming spherical 

copper islands. 

 

Figure 55 - SEM analysis magnification x5000 of coppercoated layer at a concentration of respectively 

0,20 (left); 0,25 (middle) and 0,30M NaOH (right) 

Experimentally it has been confirmed a minimal pH of 12 was required to initiate the reaction. The reaction 

speed of the oxidation step in the half-reaction with formaldehyde depends strongly on the pH according to 

(Eq. 15). At increasing pH the equilibrium of the reaction will be shifted more towards the formation of 

HCOO
-
 ions. The reaction speed is assumed to increase. This hypothesis is further supported by the 

observation that initiation of the reaction at a concentration of 0,20 M NaOH took about 30 seconds longer 

than at a pH higher than 13. As the copper reduction is autocatalytic, only the initiation time is a limiting 

factor on the obtained copper layer when the total reaction time is kept constant. A longer reaction time lead 

to a thicker copper layer and a higher conductivity as demonstrated in paragraph 3.2.2.4. The autocatalytic 

behaviour of the copper reduction is most likely the reason why a pH higher than 13 did not result in a further 

improvement of the conductivity. 

To fully examine the effect of reaction speed in situ measurements would be required. This can be done by 

measuring in real time the concentration of copper ions remaining in the solution, which can be detected by 

UV spectroscopy [62]. In general a higher reaction speed is preferred for economical considerations. 
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3.2.2.4 Determination of ideal reaction time 

The effect of varying the reaction time was examined in order to determine the ideal reaction time. 

Observation of the copper coating reaction confirmed that the copper coating reaction initiates at certain 

points on the sample. From here the copper layer started to expand across the entire fibre. The goal was to 

determine the ideal reaction time at a concentration of 0,30M NaOH at room temperature with fibres of 888 

µm cross diameter and coated with polypyrrole for 180‘ and dried for 24 hours at 40 °C. The tested reaction 

times were varied from 1 to 30 minutes.  Reaction was executed in sealed vessels of 25 ml and a maximum of 

10 samples was applied to assure diffusion effects do not limit the reaction speed. Mixtures were shaken 

every 15 seconds. 

If the reaction time was too short, no homogeneous coating was observed and there was no DC conduction of 

the entire sample. The minimal reaction time to achieve a fully coated sample was 5 minutes. In Figure 56 

the resistance in function of the reaction time of samples using four point measurement after 14 days is 

displayed. It was observed that increasing reaction time corresponded to an improved conductivity, as can be 

observed from the graph below. The different points correspond to different individual measurements. An 

improvement of the reproducibility on increasing reaction time was noticed. The relationship between 

reaction time and resistance tended to correspond with an equation of the form y x   . In this case α was 

8,61 and β was 0,88. A reaction time of at least 15 minutes seemed optimal. 

 

Figure 56 - Resistance copper layer in function of reaction time 

If the reaction time was too long, too many layers are deposited on top of each other. In particular at the 

points of initiation there is an increased risk of delamination. This is reinforced by the fact that copper is 

autocatalytic; in other words copper layers will be deposited on top of each other. During the reaction gas 

bubbles of hydrogen are formed. This is why it is important to keep the liquid in constant motion to avoid 

bubbles getting trapped causing delamination or damage to the layer on further treatment steps, such as 

washing. The bubbles might also inhibit the reaction. Longer reaction times increase the risk of bubble 

entrapment. This was observed very clearly when using optical microscopy and SEM analysis for samples 

that reacted for 30 minutes and to lesser extend for the samples that reacted for 15 minutes as illustrated in 

Figure 57. These layers were very vulnerable to damage and delamination leading to an inhomogeneous 

copper layer. It was therefore recommendable to terminate the reaction as soon as a clear homogeneous layer 

is obtained after minimum 6 and maximum 10 minutes. 
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Figure 57 - Copper coated samples after a reaction time of respectively 5 (left), 15 (middle) and 30 

(right) minutes. 

When these samples were examined under larger magnification of 5000x using SEM analysis no significant 

differences were observed (Figure 58). All show deposition of small copper particles and they are relatively 

smooth.  

 

Figure 58 - SEM analysis at magnification of 5000x of copper coated samples that reacted for 

respectively 5 (left), 15 (middle) and 30 minutes (right). 

To correlate the effect of time to the lower resistance these samples were embedded in resin in order to make 

a cross section. The corresponding cross section was examined with an optical microscope and analysed 

using Cell^D software. The measured thickness of the copper layer after 5 minutes was 2,64 ± 0,21 µm, after 

15 minutes 9,75 ± 0,61 µm and after 30 minutes 11,40 ± 0,50 µm. The cross section of the copper layer 

obtained after 15 minutes is illustrated in Figure 59. 

A model can be used in which the different layers look like concentric circles around the substrate PES fibre. 

Resistance can be calculated according to Pouillet's law (Eq. 17). In this equation ρ is the resistivity, A is the 

area of conduction of charge carriers and l is the length of the conductor. The distance between the alligator 

clamps measuring the voltage difference, as mentioned in paragraph 2.5.1.1, was 25 mm. This will be the 

constant value of l in (Eq. 17). The tabled value for pure copper is 1,72.10
-8

 Ω.m [20, 21]. As conduction 

takes place through the outer copper coated layer, the area A of conduction can be calculated using (Eq. 18), 

d being the diameter of the PES substrate with polypyrrole coating and  t  being the thickness of the copper 

layer.  
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Figure 59 - Cross section of copper coated PES substrate with diameter 888 µm magnified x10 after 

reaction time of 15 minutes with corresponding model of concentric layers (left) and close up with 

magnification x50 (right) 

In Figure 60 the measured thickness is correlated to the resistance. It could be concluded that a larger 

thickness of the copper layer, which corresponds to a longer reaction time, resulted in a higher conductivity. 

An increase in layer thickness Δt results in a reduced resistance, according to (Eq. 17) and (Eq. 18), as the 

area for charge transport increases. Using the theoretical model, a much higher conductivity of the copper 

layers was expected when assuming the resistivity of pure copper. The empirical values of measured 

resistance tended to be about 40 times larger. This could be explained by imperfections and impurities in the 

deposited copper layer as well as variations in the layer thickness across the sample. Furthermore, as 

illustrated in Figure 59, no separate polypyrrole layer could be distinguished. It appeared the copper layer 

formed a close hybrid with the polypyrrole layer. This made sense as the Pd catalysts are assumed to reside 

on the N-centra of the polypyrrole molecules and the copper reduction started at those points. This could also 

be the reason why the copper resistivity reacts differently compared to pure copper. In any case, using a 

correction factor of 37,79 a value of 6,5.10
-7

Ω.m was estimated for the resistivity. The theoretical curve in 

Figure 60 was calculated using (Eq. 17) and (Eq. 18) using the adjusted value for the resistivity. The 

correspondence with the empirical data was very good. 

 

Figure 60 - Theoretically calculated and empirically measured resistance in function of copper layer 

thickness 
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Based on these results it can be concluded a longer reaction time results in both a higher conductivity and a 

larger thickness of the copper layer and has a positive effect on the reproducibility. The risk of delamination 

and bubble entrapment however increases upon increasing reaction time. For further experiments a reaction 

time of 6 minutes was chosen. 

3.2.3  Effect of fibre diameter 

The effect of substrate diameter on copper layer was examined and the observations with optical microscope 

are summarized in Figure 61. All tested fibres were first coated with polypyrrole for 180‘ and subsequently 

dried in the oven for 24 hours at 40 °C. The tested fibres were all made of polyester with respective diameters 

of 150, 300, 500 and 888 µm. Copper coating conditions were with 0,30 M of NaOH and reaction was 

conducted for 6 minutes. 

 

Figure 61 - Coppercoated PES fibres with respective diameter of 150, 300, 500 and 888 µm from left to 

right 

For all diameters a homogeneously copper coated layer was obtained. All samples were analysed using four 

point measurement. From Figure 62 could be concluded that the conductivity increased with increasing fibre 

diameter. As follows from (Eq. 17) and (Eq. 18) a larger diameter d results in an increased area for charge 

transport and a corresponding lower resistance. The average values could be approximated with an equation 

of the form y x   . In this case α was 22169 and β was 1,37. 

 

Figure 62 - Resistance in function of fibre diameter 

Furthermore Figure 62  shows that at 150 and 300 µm the coefficient of variation of individual measurements 

is rather large, about 30 Ω for 150 µm and about 10 Ω for 300 µm. With increasing the diameter also the 

reproducibility of the obtained result strongly increased. 

The observation of increased conductivity and reproducibility with increased diameter could be explained by 

two reasons. Copper is deposited in the form of a crystal lattice which is not compatible with highly curved 

substrates. As the diameter decreased the curvature of the surface increased. This effect could be observed on 
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SEM analysis for the fibres with a diameter of 150 µm. As the diameter increased the surface appeared to be 

smoother (Figure 63). The second explanation is due to the limited circumference of the conduction path for 

substrates with a smaller diameter. If there was any minor damage or any small part missing in the copper 

layer for smaller diameters, this could quickly lead to an important reduction of the conduction path or even a 

complete interruption of the current flow. If a small part of the copper layer would be missing in case of a 

larger diameter, the current can easily follow another path. This should also explain the decreased 

reproducibility for lower diameters. 

 

Figure 63 - SEM analysis of copper layer of substrate with different diameter ranging from 150 µm 

(top left), 300 µm (top right), 500 µm (bottom left) to 888 µm (bottom right) 

The fibres of different diameter have been embedded and examined. The corresponding copper layer 

thicknesses were measured and the average values are displayed in Table 5. Based on these measurements an 

assumption was made that the diameter of the PES substrate does not affect the thickness of the obtained 

copper layer. The increase in conductivity on increasing diameter was entirely attributed to an increasing 

conduction area due to an increasing circumference. An average thickness of 2,32 ± 0,28 µm was assumed. 

Table 5 - Copper layer thickness corresponding to different substrate diameter 

Substrate 888 µm 500 µm 300 µm 150 µm 

Copper layer 2,619±0,203 µm 1,965±0,260 µm 2,126±0,267 µm 2,288±0,384 µm 

According to the theoretical model described in the paragraph 3.2.2.4 the estimated resistivity of the copper 

layer was 6,5.10
-7 

Ω..m due to impurities and imperfections affecting the conductivity of the copper layer. 
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This value was used to calculate the theoretical value of resistance in function of the fibre diameter using an 

average thickness of the copper layer of 2,32 ± 0,28 µm. The theoretically calculated resistance using (Eq. 

17) and (Eq. 18) are plotted in Figure 64 together with the empirical individual data points and the average 

empirical data points for the different tested diameters. It was observed that the empirical trend of decreasing 

resistance with increasing diameter corresponded with the theoretical expectations, but rather with the 

minimal measured values of resistance than with the average values.  This effect could be explained by the 

fact that even minor damage, imperfections or impurities on fibres with smaller diameter could interrupt the 

flow of current and drastically increase the resistance.  The correspondence of the theoretical values with the 

empirical data for fibres with a larger diameter is much more pronounced. The effect of damage to the path 

for the current is far less pronounced. 

 

Figure 64 - Resistance in function of substrate diameter 

This effect could be displayed visually by plotting the difference between the empirical average and minimal 

values with the corresponding theoretical value as displayed in Figure 65. The difference between the 

average and the theoretical value decreases very strong, whereas with the minimal value it is nearly constant 

and close to zero. It makes sense that there is a better correspondence between the theoretical values and the 

empirical measurements, because the theoretical value assumes a best case scenario, where there is no 

damage and there are no inhomogenities in the copper layer. 
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Figure 65 - Deviation from model for average and minimal empirical data. Good correspondence of 

minimal measured resistance values with the theoretically calculated resistance 

Because of the better performance in terms of conductivity and reproducibility for fibres with diameter of 

888 µm, these were used for further experiments. In a later stage of the research the effect of diameter on 

subsequent layers could be further examined. 

3.2.4 Stability of the copper layer and solution 

In order to test the stability of the copper layer samples were stored in a sealed testing tube and tested every 

14 days using four point measurements. The results are summarized in Figure 66. The individual 

measurements are displayed on the corresponding testing days as well as the averaged value. It can be 

concluded that the conductivity of the copper layer is perfectly stable in a time span of 28 days when stored 

in dry conditions.  

 

Figure 66 - Stability of the copper layer measured by the resistance in function of time in days 

Furthermore regarding the stability of the copper sulphate solution it was observed that the solution cannot be 

stored. A copper coating solution containing all components, except for formaldehyde, was stored for 14 

days. When subsequently trying to initiate an oxidation reaction by adding formaldehyde to a concentration  

of 0,167 M on pre-treated polypyrrole coated fibres, no reaction was observed. On doubling the concentration 

of formaldehyde the reaction initiated, although proceeded a lot slower. A possible explanation could be 

found in the fact that the copper ions will form insoluble CuOH molecules that cannot react anymore. 

Therefore it is important to always work with a fresh copper solution to obtain reproducible results. 
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3.2.5  Roughness of the copper layer 

As a final test the obtained copper layer deposited on PES substrate fibres with a diameter of 888 µm with a 

reaction time of 6 minutes at a pH of 13 were analysed under the AFM to determine accurately the surface 

morphology and get a measure of the roughness. The spherical particles in Figure 67 are copper particles as 

also observed on the SEM analysis. The surface is overall homogenous with an average roughness of 

45±1nm. 

 

Figure 67 - AFM image of the copper layer and corresponding 3D representation [70] 

3.3 Conclusion 

A reproducible polypyrrole layer has been obtained and the importance of a good polypyrrole layer to 

produce a successful subsequent copper coating has been demonstrated. Ideal reaction time was 180 minutes 

at a temperature of 278K  

The electroless copper coating process on the polypyrrole layer has been demonstrated to require a threshold 

pH of 12 and reaction was optimal at a pH of 13 corresponding to a concentration of 0,30M NaOH. If pH 

was further increased no noticeable improvement of the subsequent copper layer was observed when keeping 

the reaction time constant. 

The correlation between reaction time and conductivity has been confirmed. Longer copper coating reaction 

lead to a lower resistance. However when the reaction time was too long, the risk of bubble entrapment and 

delamination was increased due to deposition of subsequent copper layers. An optimal reaction time of 6 

minutes was chosen to obtain a good conductive and reproducible copper layer.  There was a good 

correlation between the lower resistance when reaction time was extended and the thickness of the 

corresponding copper layer. There was a good correlation with the theoretical concentric layer model 

assuming a resistivity of the copper layer of 6,5.10
-7

Ω.m. This was lower than the theoretical value of pure 

copper due to impurities and imperfections. 

There was a strong correlation between the conductivity of the copper layer and the diameter of the substrate 

PES fibre. As the diameter increased, so did the conductivity. Furthermore with decreasing diameter the 

reproducibility of the gate resistance decreased. The thickness of the deposited copper layer appeared not to 

be affected by the diameter, so the loss in conductivity was attributed to a decrease in conducting area 

according to Pouillet's law. The empirical measurements corresponded well to the theoretical model. It has 

been found that the fibre with the largest tested diameter of 888 µm had the highest conductivity and the best 

reproducibility. 

Measurements of the copper fibres with a time interval of 14 days indicated an almost neglectable increase in 

resistance due to oxidation of the copper layer. A stable coating layer had been formed. It is important to 

protect the fibres as good as possible from moisture and to minimize the time before coating with a protective 

dielectric layer. 

Generally it could be concluded that the best reproducible fibres were obtained with a constant reaction time 

of 6 minutes at a pH of 13 and with fibres with the largest diameter of 888 µm. The fibres show a shiny 

homogeneous appearance and the result is illustrated in Figure 68. 
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Figure 68 - Resulting shiny and homogenous copper layer on PES fibre with diameter 888 µm after 

reaction time of 6 minutes and a pH of 13 
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Chapter 4 Dielectric layer 

4.1 Introduction 

4.1.1 Requirements 

The next step in realising a good functioning fibrous transistor is the deposition of a dielectric layer with 

good isolating properties. Because this layer will form the basis for with the semiconductive channel 

material, the roughness and homogeneity are crucial properties.  The roughness of the surface will affect the 

ordering of the semiconductive molecules during active layer formation and will lead to more defects and 

voids. Inhomogenities act as traps for charge carriers, decreasing performance of the transistor. An OTFT 

with a low surface roughness film exhibits good electric performance and will therefore be one of the key 

parameters of the dielectric layer [74].  

Above all, the dielectric layer should be isolating to avoid leak current, while being as thin as possible. The 

drain-source current at constant gate voltage depends on the capacitance as described in paragraph 1.4.2. If 

the layer would be too thick a much higher gate voltage would be needed to obtain the same current flowing 

from source to drain, making the transistor inefficient. It is the intention to use these materials in close 

contact to human users. Low working voltages are therefore indispensable.   

The capacitance can also be increased by maximizing the dielectric constant of the used material. Physically 

dielectric effects are due to a polarisation in the medium. This polarisation gives rise to a reverse field which 

reduces the force between two charges and reduces the potential difference between the charged plates of a 

condenser, which thus increases its capacitance.  The polarisation can be due to alignment of permanent 

dipoles, such as for water molecules or to the separation of charges which form induced dipoles. The latter 

one is the main driving force of polarisation for polymers.  

Finally the insulating layer should have  mechanical properties similar to the substrate in order to allow the 

bending and stretching necessary during the weaving and wearing process and should be waterproof to 

protect the underlying gate layer from degradation [30].  

4.1.2 Material selection 

The used material can be any good insulating plastic with a high breakdown voltage, high dielectric constant, 

good flexibility and extremely low conductivity. Some examples are polyethylene, polystyrene, p-Xylene, 

polyvinylpyrrolidone (PVP), polyvinylalcohol (PVA) and polyimide (PI) [20, 29, 42]. 

Crosslinking polymers, such as PVP and PVA, generally are more robust as ultrathin dielectric materials. 

These polymers have the advantage of being water soluble and exhibit high dielectric values of up to 7,07 

without crosslinking [75]. After deposition these polymers have to be crosslinked using crosslinking agents 

such as poly(melamine-co-formaldehyde) [28] or poly(methylsilses-quioxane) (pMSSQ) [48, 51]. Curing 

takes place at elevated temperatures as high as 200 °C for 10 minutes [28, 39, 51, 53, 75]. This curing step 

poses serious limitations on the choice of substrate material, results in a more complicated process and has a 

negative effect on the dielectric constant. Moreover leak currents are usually quite high [48]. Thickness are 

reported as high as 750 nm and more [53]. Reported capacitance of the insulator is in the order of 6,5 nF/cm² 

[76]. 

Polyimide has been investigated as a gate isolator because of its high flexibility and biocompatibility. The 

molecular structure is pictured in Figure 69.  This polymer exhibits a relatively good dielectric constant, 

which decreases with increasing polymerisation temperature as indicated in Figure 70. The dielectric constant 

of polyimide varies from 3,5 at 150 °C to 3,02 at 350 °C [42, 77]. The properties of the polymer can be 

tailored already during the polymerisation step. For comparison, the relative dielectric constant of silicon 

oxide is 3,9, for polyethylene 3,0 [30] and for p-xylene derivatives varies between 2,7 and 3,2 [78] and for 

PVP + pMMSQ is about 2,8 [48].  

Polyimide is stable towards most common solvents, unlike polymers such as polyethylene and polyester [79, 

80]. This stability which will be needed for solution deposition of the organic semiconductor, as described in 

paragraph 5.4.1.2, without damaging the dielectric layer. Furthermore PI can be solution processed, but only 

from a limited range of solvents. More details are found in paragraph 4.1.3  [20, 42, 81].  
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Figure 69 - Molecular structure of polyimide [42] 

 

Figure 70 - Dependence of the dielectric constant of a thin polyimide film on the polymerization 

temperature during polymer formation [42] 

In previous research the minimal layer thickness obtained by dipcoating PI on coppercoated polyester ribbon 

material, to ensure no conduction was measured when testing with a digital multimeter, was approximately 

4,5 µm [20]. According to Maccioni et al. [56] a cylindrical metal fibre with a diameter of 45 µm covered by 

a uniform layer of PI of 1 µm showed good isolating properties with gate leak current well below 10
-10

A.  It 

was also found that in case of a perfect homogeneous coating a theoretical minimum thickness of 500 nm is 

required to ensure isolating properties. This is when the leak current is neglectable compared to the expected 

transistor effect in the order of 10
-9

A [29].   

Because of good biocompatibility, solution processability, water and common solvent stability, a relatively 

good dielectric constant, good isolating properties  and because this material has been successfully used in 

order to realise a flexible transistor in combination with pentacene [42] PI will be examined for use as a 

dielectric layer.  

4.1.3 Application of the dielectric layer  

Different deposition processes could be investigated. Vapour deposition or in situ polymerisation are 

plausible options. Examples of vacuum-deposited dielectric films include silicon dioxide and parylene [39]. 

Solution processed dielectric PVP is usually deposited on flat inorganic substrate by spin coating followed by 

a crosslinking step [39]. These techniques all have the disadvantage of being far from ideal for deposition on 

a cylindrical substrate [42] and often require too high temperatures. Furthermore vacuum techniques are 

expensive techniques that are hard to upscale. 

Dipcoating will be the preferred method to apply the coating on the cylindrical substrate, because it is a very 

straightforward approach that can easily be upscaled. This method requires that the chosen polymer, PI, can 

be dissolved. For this work dimethylformaldehyde (DMF) [20] and 1-methyl-2-pyrrolidone (NMP) [42] will 

be used as solvents for dissolving PI. Because the boiling point of NMP (204 °C) is higher than DMF (153 

°C) this will affect the rate of solvent evaporation after dipcoating and is expected to have an influence on the 

quality of the obtained layer [46].  

4.2 Results and discussion 

4.2.1 Pre-treatment of the copper gate layer 

The effect of the pre-treatment with methanol was tested. Samples were coated from DMF/PI solutions with 

a concentration of 7,5 and 15w%. One batch was immersed in methanol for 2 minutes and afterwards dried 

thoroughly; the other batch was left untreated. Both visual inspection and analysis under optical microscope 



 

 

54 

 

showed no noticeable difference between samples that were given a pre-treatment and the samples that were 

coated directly. SEM analysis did not reveal any significant differences in morphology as displayed in Figure 

71. Nevertheless, it is recommended to pre-treat the fibres with methanol to remove dirt, especially because 

pre-treatment does not affect the coating negatively. Properly cleaning the samples should guarantee an 

improved reproducibility.  

 

Figure 71 - SEM analysis DMF 15w% 25 mm/min with pre-treatment methanol (left) and without 

(right) 

Good drying of the samples was absolutely required, because when the PI/DMF solution comes into contact 

with water PI film instantly solidified in the traces of water. This could result in an inhomogeneous deposited 

PI layer as well as in delamination. Immersing the fibres shortly in pure DMF before coating was a good way 

to reduce the risk of water contamination. 

4.2.2 DMF as a solvent, dried in ambient air 

PI, dissolved using DMF as solvent, was already used to deposit a dielectric layer on copper coated polyester 

ribbons [20]. However, the resulting layers suffer from inhomogenities and a rough cellular surface. Hence, 

in this thesis the ideal combination of speed and concentration will be determined to ensure optimal 

morphology and isolating properties. The evaluated concentration of PI dissolved in DMF ranged from 

7,5w% to 17,5w% and was increased with intervals of 2,5w%. The withdrawal speed ranged from 1 mm/min 

to 150 mm/min.  

When the fibres are withdrawn from the dipcoating solution a whitening of the dielectric layer is observed 

(Figure 72). Whitening of the film started about 60 seconds after film deposition. For lower concentrations 

the layer remained transparent but a slight discoloration could be observed. Furthermore increasing the 

withdrawal speed for a given concentration also lead to a more opaque dielectric layer (Figure 73). This was 

related to the layer thickness. More detailed explanation about the whitening of this layer can be found in 

paragraph 4.2.4. 

 

Figure 72 - Copper fibres coated with DMF/PI resin at 50 mm/min with respectively 10w% (left), 

15w% (middle) and 17,5w% (right) PI 
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Figure 73 - Copper fibres coated from DMF/PI 15w% resin at respectively 1mm/min (left), 50 mm/min 

(middle) and 150 mm/min (right) 

In Table 6 an overview is given of the isolating performance of the dielectric layer at different combinations 

of withdrawal speed in mm/min (columns) and PI concentration in the DMF solutions in weight percent 

(rows). The red fields indicate conduction was measurable, the green fields indicate no conduction could be 

measured, when applying a silver paste (R>200 MΩ). The measured thicknesses of the dielectric layers that 

had been embedded are given if available and are expressed in µm. From this it was confirmed that layer 

thickness increased with increasing concentration and withdrawal speed. At a concentration of 7,5w% as well 

as 10w% PI all samples remained conductive over the entire range of withdrawal speed. No thickness 

measurements were done. The first isolating layer was obtained when the dipcoating speed was 50 mm/min 

at a concentration of 12,5w%. A cross section is shown in Figure 108. As the concentration increased, the 

withdrawal speed at which an isolating layer was obtained tended to decrease. At 15w% a withdrawal speed 

of 10 mm/min already resulted in an isolating layer. All tested samples were isolating over the full range of 

speeds for the 17,5w% solution. The results are represented in Figure 74 from which a clear increasing trend 

in thickness can be observed upon increasing thickness. 

Table 6 - Isolating performance and thickness of dielectric layer at different combination of 

withdrawal speed in mm/min (columns) versus PI concentration in DMF in w% (rows). 

DMF 1  5 7,5 10 12,5 25 50 75 100 150 mm/ 

min 

7,5   w%  Cond. Cond. Cond. Cond. Cond. Cond. Cond. Cond. Cond. Cond. 

 µm 

10,0 w%  Cond. Cond. Cond. Cond. Cond. Cond. Cond. Cond. Cond. Cond. 

12,5 w% 0,21 0,26 0,57 0,53 0,56 0,61 0,86 2,07 2,19 4,28 

15,0 w%  0,25 0,32 0,56 0,88 1,09 1,36 2,83 3,64 7,65 7,45 

17,5 w% 1,53 1,60 1,96 2,76 8,70 9,01 9,20 9,95 12,83 15,47 
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Figure 74 - Thickness of dielectric layer in function of the withdrawal rate 

To closer examine the surface morphology, the samples were analysed using the scanning electron 

microscope. Magnification was tested from 250x to 40000x and a magnification of 5000x appeared ideal for 

comparison of the samples. 

SEM analysis indicated that within the entire range of withdrawal rate and PI concentration, small cellular 

holes in the order of magnitude of micrometers were formed at the fibre surface. At lower speeds the cavities 

tended to be smaller as can be seen from the SEM images for the samples coated with the 12,5w% solution 

ranging from 5 to 100 mm/min displayed in Figure 75. Reducing the concentration also seemed to be 

beneficial for the surface roughness. An overview varying the concentration from 7,5w% to 17,5w% at 50 

mm/min is displayed in Figure 77. Although on SEM pictures at low speeds for 7,5w% still small holes 

appeared. Further decreasing the concentration or the withdrawal rate was not considered a possibility, 

because an isolating layer was required. Apparently the problem is fundamental and seems to get worse with 

increasing layer thickness. Although the surface is homogeneous, in the interface with the active layer the 

small cavities will act as charge traps for the mobile charges leading to a reduced field effect mobility 

severely affecting the transistor performance. Another approach was required. An overview of all SEM 

images for the dielectric layer at the whole range of withdrawal speed and PI concentration can be found in 

Appendix B. 
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Figure 75 - SEM analysis of PI dielectric layer coated from 12w% DMF/PI solutions with respective 

withdrawal speed of 5mm/min (top left), 25mm/min (top right), 50 mm/min (bottom left) and 100 

mm/min (bottom right) 

A dielectric material that does not include light-absorbent additive molecules such as pigments and dyes is 

usually transparent to the spectrum of visible light. Rough and irregular surface causes light rays to be 

reflected in many random directions as illustrated in the Figure 76. This type of reflection is called diffuse 

reflection. The structural defects such as voids and cracks as observed under the SEM images correspond 

with the decrease in optical transmission of the PI layer.  

 

Figure 76 - Light rays falling on rough and irregular surface undergo diffuse reflection [82] 
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Figure 77 - SEM analysis of PI dielectric layer coated at a withdrawal rate of 50 mm/min from 

DMF/PI solutions with respective concentration of 7,5w% (top left), 12,5w% (top right), 15w% 

(bottom left) and 17,5w% (bottom right) 

4.2.3 NMP as a solvent, dried in ambient air 

According to literature [83-85] film deposition using solvents with a higher boiling point results in a better 

morphology because molecules are given more time to self assemble during the solvent evaporation. 

Therefore NMP, which has a boiling point of 202 °C [86], was chosen as an alternative solvent for DMF 

from which the boiling point is only 153 °C [87] under standard atmospheric conditions. 

Withdrawal speed was again varied from 1 to 150 mm/min. As illustrated in Figure 78 a clear difference with 

the dielectric layer deposited from a DMF based solution could be easily noticed. Regardless of its thickness, 

the PI layer remained transparent over the entire range of withdrawal speeds and over its whole length apart 

from the lowest few millimetres of the fibre (see paragraph 4.2.4 for more details).  

 

 

Figure 78 - PI coated fibres from 12w% PI/NMP solution at respective speeds of 5, 25 and 75 mm/min. 

The layer remains transparent 

An overview of the measured thicknesses for samples coated from 12,5w% DMF and NMP respectively is 

given in Table 7. Also here an increasing trend with increasing thickness could be observed. It could however 

be concluded that the thickness was lower in case NMP was used as a solvent and this effect became stronger 

as withdrawal rate increased. A possible explanation for this will be given in paragraph 4.2.4. All samples 

which were coated with a speed of 25mm/min and higher were isolating.  This corresponds with an 

approximate thickness of 600 nm. Based on the results in Table 6 and Table 7 we could conclude a threshold 

thickness near 600 nm is required for the PI layer to become isolating. 
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Table 7 - Isolating performance and thickness of dielectric layer at different combination of 

withdrawal speed in mm/min (columns) versus DMF or NMP as a solvent (rows) at a constant 

concentration of 12,5w% PI  

12,5w% 1  5 7,5 10 12,5 25 50 75 100 150 mm. 

min-1
 

DMF  0,21 0,26 0,57 0,53 0,56 0,61 0,86 2,07 2,19 4,28 

 µm 

NMP  0,18 0,23 0,26 0,27 0,57 0,58 0,78 0,88 1,24 1,28 

The transparency of the layer is an indicator for a reduction in diffuse reflection related to a significant 

improvement in morphology. To confirm this improvement samples coated from PI/NMP and PI/DMF 

solution with comparable thickness are compared in Figure 79 and Figure 80 using SEM analysis at a 

magnification of x5000. It can be clearly observed the large microscopic voids have vanished in case of the 

transparent samples and the PI layer looks much more homogeneous. It can also be observed that just like for 

the DMF based samples the quality of the layer degrades slightly when withdrawal speed is increased. An 

overview of all SEM pictures can be found in Appendix B where the improved morphology is confirmed at 

all tested withdrawal speeds. 

 

Figure 79 - Samples coated at 25mm/min from respectively 12,5w% PI/DMF (left) and PI/NMP (right) 

solution. A clear improvement in morphology for the NMP based samples can be observed 

 

Figure 80 - Samples coated from 15w% PI/DMF solution at 12,5mm/min and 12,5w% PI/NMP 

solution at 50 mm/min. Both PI layers have a comparable thickness and morphology of PI layer is 

clearly improved 

To quantify the improvement of morphology as observed by SEM analysis, the 15w% PI/DMF coated 

sample at 12,5mm/min was compared to the 12,5w% PI/NMP based sample coated at 50 mm/min using 
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AFM scanning as illustrated in Figure 81. The roughness value of the untreated copper layer (45±1nm) was 

used as a reference point for comparison. The roughness values of samples coated using respectively DMF 

and NMP as a solvent were 107±2nm and 34±5nm. For DMF the microscopic voids as observed on the SEM 

image were clearly visible on the AFM image and the roughness was worse compared to the untreated 

sample. No such holes were observed when using NMP and the surface looked much more homogeneous. 

The roughness is slightly improved compared to the copper layer. This was even clearer when the images 

were converted to their 3D representation. Furthermore it should be noticed that the DMF was coated with a 

lower speed which was demonstrated by SEM analysis to result in a better morphology. Even at higher 

withdrawal rate the morphology of NMP based dielectric layer was still superior. 

 

Figure 81 - AFM analysis of the untreated copper layer (left), 15w% PI/DMF coated sample at 

12,5mm/min (middle) and 12,5w% PI/NMP coated sample (right) at 50 mm/min with the 

corresponding 3D representation 

A roughness of 34nm at the dielectric and semiconductor interface is considered very rough. Roughness 

analysis of a dielectric layer of pMSSQ deposited on a PVP based layer via spin coating on a flat substrate 

resulted in a value of 1,4 ± 0,1 nm [48], which is still considered to be too high. Furthermore Someya et al. 

reported a roughness of 0,2 nm of a spincoated PI layer on a poly(ethylene naphthalate) flat substrate [88]. 

Although using NMP as a solvent resulted in a strong improvement of the morphological properties, further 

research is required. This improvement is crucial because the surface of the dielectric layer will be at the 

interface with the organic semiconductor and microvoids for the DMF based samples are likely to act as traps 

for the charge carriers and will have a detrimental effect on field effect mobility and the overall transistor 

performance.  

4.2.4 Vapour induced phase separation 

It has been observed that under certain conditions the NMP layer does not form a nice transparent layer. 

During drying it tended to undergo a white coloration similar to the DMF based PI layer. As mentioned 

before, a white colouration is related to diffuse reflection caused by inhomogenities in the PI layer. In Figure 

82 a SEM image is shown of a sample that underwent discoloration confirming a strong degradation in the 

morphology homogeneity. 
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Figure 82 - White discoloration of PI film from NMP as a solvent (left) and SEM analysis (right) of 

fibre coated from 12,5w% PI/NMP solution at 50 mm/min  

When this phenomenon was observed, it was not clear what could have caused it. All parameters that could 

have had a possible influence, compared to when the transparent PI/NMP layer was produced, were taken 

into consideration. The conditions in the cleanroom were assumed to be acclimatised and constant. Because a 

white discoloration is an indication of a decreased morphology this could be used as a quality test without 

having to analyse all samples with SEM, saving a lot of time. 

First a possible contamination of the copper layer was suspected. Samples were washed extra thoroughly 

with methanol and dried for 10 minutes in constant air flow. Acetone was used for some samples again 

followed by subsequent drying to ensure no residual solvent was remaining. Also samples that were not 

pretreated at all were tested. All resulted still in whitening of the layers.  

Next the ageing of the substrate and solution was tested as a possible culprit. In the second series samples 

used for copper coating the first time were less than a week old and about 30 days when testing again. 

Possibly a slight oxidation of the Cu samples might have interacted with the PI molecules or the PI solutions 

could have been contaminated during storage. New samples and new solution were made and coated within 

48 hours with and without pre-treatment. Still the discoloration was observed.  

A variation in handling of the fibres after and during coating was the next hypothesis to be tested. Samples 

tested first time which were transparent, were hanging in upright position in a shielding jar only open at the 

top and were dried in the cleanroom for 2 hours. At the table where the dipcoater is, is a large fan  positioned. 

This fan is used to avoid dust contamination. The agitated air flow might have an effect on the layer and was 

therefore turned off to eliminate this reason. This was again without any effect. Next, samples were dried in a 

completely sealed environment using small test tubes that can be closed. A slight improvement was noticed 

in the whitening, but not significantly. This was tested at different withdrawal speed of 12,5 and 50 mm/min. 

The next day a batch of samples was tested pre-treating them with methanol and acetone and dried without 

any agitation in the sealed test tubes. The layer looked more transparent compared to previous tests. The 

lowest part of the fibre still turned completely white, as has been noticed also for the first samples. It 

appeared the transparent samples had been more or less reproduced. Because no other parameters could have 

changed, attention again was turned to ambient conditions in the clean room. Measuring the relative humidity 

and temperature in the cleanroom with a mobile weather station indicated a temperature of 22,0 °C and the 

relative humidity of 25%. Next a sample was put under a jar in the clean room cupboard together with a glass 

of water and another sample was put in the cupboard but not under the jar. Relative humidity in the cupboard 

was 30% and was assumed to be higher under the jar. Both samples showed a discoloration. It was also 

noticed the whitening of the NMP based samples was much slower compared to the DMF treated samples. In 

an attempt to speed up the process, drying was conducted using compressed air and whitening was much 

faster. Next a treated sample was put in a test tube containing 2mm of water. The water got absorbed very 

quickly and moved upwards in the layer associated with instant whitening. When measuring the relative 

humidity in the clean room it was observed this is not constant and the assumption that the ambient 

conditions were controlled appeared to be only valid for the temperature at 22 °C. The fact that relative 

humidity was responsible for the discoloration also explained why the samples that were transparent still had 

white edges. This was because the samples were drying in upright position. The PI/NMP solution flowed 

down on the sample under influence of gravity and resulted in a thicker droplet at the lowest part of the fibre. 

This droplet required a much longer time of drying out all the NMP and gave the solution more time to 
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absorb water. Also agitation increased the flow of air and speeded up diffusion of ambient water particles 

into the solution causing again a discoloration.  

The first time transparent samples were obtained was on 10/03/2010. Outside relative humidity was on 

average 68% and temperature was 1,7 °C, as measured by the weather station at Gent Dampoort [89]. 

Relative humidity is calculated according to (Eq. 19) where Φ is the relative humidity, we is the partial 

pressure of water in the atmosphere and 
*

we is the saturation vapour pressure at the specific temperature and 

pressure. When temperature is increased in isobaric conditions saturation pressure of water increases and 

therefore relative humidity decreases.  The saturation pressure of water at 1,7 °C can be calculated at 5,25 

mmHg [90].  A relative humidity of 68% corresponds with a partial pressure of 3,11 mmHg. As the 

saturation pressure of water is 20,65 mmHg at 22 °C the relative humidity in the clean room that day is 

predicted to be close to 15% 

*
.100%w

w

e

e
   

(Eq. 19)  

During the tests on 30/03/2010 an average temperature of 10,3 °C and relative humidity of 79% was 

measured [89] in the weather station at Ghent Dampoort. This corresponds with a relative humidity of 38% in 

the clean room at 22 °C. No transparent samples were obtained. On 31/03/2010 some samples were obtained 

that appeared partially transparent. The average temperature was 6,4 °C and relative humidity 74% [89]. This 

corresponds with a relative humidity of 26,15% in the cleanroom and seems to be a threshold value for the 

effect. This value of 26% corresponds well with the measured RH of 25% as measured on the transportable 

weather station, making the calculated values of relative humidity inside reliable.  

In the clean room an oven fixed at 60 °C was available. The saturation pressure of water at this temperature 

was 149,4 mmHg. For instance on 30/03/2010 relative humidity in the oven was still lower than 6%. The 

samples that dried in the oven were completely transparent, including the lowest part. These samples were 

analysed with a SEM under x5000 magnification and compared to the other samples treated at different 

ambient conditions. The effect was impressive as can be seen from Figure 83. As relative humidity decreased 

the holes on the surface and the morphology were strongly reduced.  Also the morphology corresponded very 

strongly with the degree of whitening of the sample. The sample most left was completely opaque. The 

sample in the middle only was white near the lower end of the fibre. The fibre dried in the oven was 

completely transparent. 

 

Figure 83 - SEM images of samples coated from 12,5w% PI/NMP solution at 50 mm/min at relative 

humidity of 30% (left), 18% (middle) and  5% (right) 

The explanation of this phenomenon is described in literature as vapour induced phase separation [81, 91, 

92]. NMP is a very good solvent for water, which acts as a non-solvent for the polyimide molecules. A 

common way for inducing a phase separation is the wet immersion process during which polymer solution is 

cast onto the substrate and then immerged into a coagulation bath. Upon extraction of the solvent and 

penetration of non-solvent solidification is almost immediate as mass exchange is very rapid. In this process 

often large holes are formed when solvent extraction is too fast. 

To avoid the formation of large holes in the structure, an approach of exposing the binary polymer solution to 

the vapour of the non-solvent, usually water, is used to slow down mass transfer. Literature shows that open 

cellular morphologies are obtained for the polyetherimide/NMP (PEI/NMP) system, when drying in 

conditions of relative humidity of 75% at 40 °C [91]. The molecular structure of PEI molecules is very 
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similar to PI and the solvent is the same so the effect is believed to be similar.  The obtained morphology was 

characterized by large cells near the air/solution interface and also a whitening of the layer was observed. A 

similar sponge like morphology is obtained when quenching a DMSO/PI system in a water coagulation bath 

at 8 °C. Both are illustrated in Figure 84 

   

Figure 84 - Cross-sectional morphology of 16w% PEI/NMP membrane dried in humid air at 75% 

relative humidity at 40 °C (left) 15w% PI/DMSO membrane quenched in a 8 °C coagulation water 

bath. The small cells are responsible for internal scattering of light making the film opaque [81, 91] 

Using a focussed ion beam a cross section was made of a sample coated from 12,5w% PI/NMP solution at 

speed of 50 mm/min as illustrated in Figure 85. The picture was taken from a sample produced at 31/03/2010 

that dried in the cupboard in the clean room at an ambient relative humidity of 30w%. A large marcrovoid 

structure could be observed. This effect is enhanced when the films are immersed in a coagulation bath as 

describe in J.H. Kim et Al. [81]. A finger like structure with larger voids was formed in the PI/NMP film 

when quenched in an 8 °C coagulation water bath as shown in Figure 86. 

 

Figure 85 - FIB cross section of sample coated with dielectric layer from 12,5w% PI/NMP solution at 

50 mm/min in ambient conditions with RH 30% 
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Figure 86 - Cross-sectional morphologies of 15w% membranes PI/NMP/water system (right) quenched 

in a 8 °C coagulation water bath [81]  

In situ measurements of concentrations of PEI/NMP/Water system were conducted at a relative humidity of 

75% during the drying process as shown in Figure 87  [91]. The solvent concentration near the upper 

interface was observed to increase while the polymer concentration was shown to gradually decrease in 

humid conditions. Water from the atmosphere is absorbed and causes a change in the chemical potential. 

Subsequently solvent start to diffuse towards the air/solution interface to equalize the chemical potential until 

thermodynamical equilibrium is reached. At the same time solvent evaporates at the interface, but the mass 

transfer resistance to the gas phase is very high due to very low vapour pressure of the NMP. The 

corresponding decrease in polymer concentration in this region was correlated to the solvent diffusion, 

leading to the formation of a dilute region near the interface. This process causes a phase separation in a 

polymer rich phase close to the substrate and a polymer lean phase near the solution/air interface known as 

vapour induced phase separation. 

The time to reach this phase separation is named demixing time. After the demixing time, the phase inversion 

leads to gelation associated with creation of a heterogeneous matrix composed of a lean- and a rich-polymer 

phase [91]. This leads to formation of a cellular structure associated with a whitening of the film due to 

increased internal diffuse reflection on the cell wands.  

 

Figure 87 - In situ measurements of the solvent and polymer concentration of a PEI/NMP mixture in 

function of the position in the film at different times until demixation was observed. Concentration of 

the solvent at the air/solution interface increases Φ2, while the concentration of the polymer Φ3 

decreases strongly in humid air conditions  [91] 

Some effect can be obtained by a reduction of temperature in terms of a decrease of the cell size gradient, 

because the mass transfer is slowed down which lead to an increase of the demixing time. However, the 

biggest effect on the membrane morphology has been shown to be the relative humidity. A reduction of the 

relative humidity at 40 °C from 75% to 43% has lead to an increase of the demixing time by a factor of 6. 

Decreasing relative humidity lead to a more uniform cell distribution along the membrane thickness. If the 

value of the relative humidity is even more reduced, a dense film would be formed rather than a porous 

membrane. The minimum value of relative humidity to induce demixation has been reported at 27% when 
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the external mass transfer was governed by convective and laminar air flow. Below this concentration dense 

polymer films were obtained from NMP solution [91, 92]. 

In Figure 88 the ternary phase diagram of a PI/NMP/water system at 25 °C is displayed. Assuming that there 

is no contamination by water the drying process starts at point S when the solution contains 12,5w% 

polyimide. At high relative humidity more and more water tends to get absorbed until the cloud point is 

reached. A whitening of the film is observed during drying and a polymer lean and polymer rich phase are 

formed. When more water gets absorbed a gelation of the polymer rich phase is triggered and a cellular 

morphology is formed. If the amount of absorbed water remains below the bimodal line, the solution remains 

in the one phase region during the entire drying process and a dense, transparent film is formed [81]. 

 

Figure 88 - Ternary phase diagram of  PI/NMP/water system at 25 °C [81] 

Because similar whitening was observed for the DMF based solution, those samples were also dried in the 

oven at 60 °C. It was observed that whitening of the PI/DMF film occurred already within 60 seconds after 

coating. Putting the samples quickly in the oven reversed the process and dense, transparent films were 

obtained. If there was a longer waiting time (for instance at slow dipcoating speed) the whitening became 

irreversible. It seemed that the PI/DMF solution is even more sensitive to humidity than the PI/NMP mixture 

as could be clearly observed from the SEM analysis in Figure 89. Less water has to be absorbed for the 

PI/DMF solution to start phase separation. Although no phase diagram of PI/DMF was found, it was believed 

the binodal, spinodal and tie-line for the PI/DMF phase diagram will be moved much closer to the 

polymer/solvent axis. This corresponds with a lower quantity of absorbed water to initiate the phase 

separation. The phase diagram of PI/DMSO is displayed in Figure 90. 

 

Figure 89 - 15w% PI/DMF solution coated at withdrawal rate of 50 mm/min and dried in ambient 

conditions (left) and in oven at 60 °C (right) 
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Figure 90 - Ternary phase diagram of PI/DMSO/water system at 25 °C [81] 

All small cavities seemed to have disappeared when drying the layer at low relative humidity at elevated 

temperature. When the cloud point had been reached the process could still be reversed. If the water chemical 

potential in the liquid phase reached its chemical potential in the gas phase prior to the phase inversion, the 

water began evaporating and depending on their respective evaporation rate, the composition path could stay 

in the homogeneous region [92]. This effect was stronger for the PI/NMP system as the difference between 

the boiling point of NMP (207 °C) and water is higher than the difference between DMF (153 °C) and water.  

The differences in boiling point are reflected in a vapour pressure of 0,04 and 0,35 kPa for NMP [93] and 

DMF [94] at 20 °C respectively. As the vapour pressure of water at this temperature is 2,3kPa it can be 

concluded water will evaporate quicker than the solvents, helping the composition path to stay in the 

homogeneous region. When put in the oven the concentration of water in the PI/NMP solution will go down 

quicker. Furthermore because in the PI/NMP diagram the amount of tolerated water before phase separation 

occurs there is much more time to move the PI/NMP coated samples to the oven. This is beneficial for 

reproducibility.  

The phase diagrams also explained the obtained differences in morphology as observed in Figure 84 and 

Figure 86. At a temperature of 40 °C and relative humidity of 75% there is a quite high partial pressure of 

water in the atmosphere and demixing time is rather low as the amount of water to initiate gelation is quickly 

absorbed for the PEI/water system. This results in a sponge like morphology. For the PI/water system at 22 

°C and a relative humidity of 30% a much longer time of absorption of water is observed before demixing 

occurs, which allows time for the formation of larger voids. Immersing a PI/DMSO film in water is 

characterized by a much shorter time to reach the gelation point than for the NMP/PI/water system. As a 

result, the phase separation process stops almost instantaneously for the PI/DMSO film and the membrane 

morphology is very much determined at the gelation line. Consequently the polymer lean phase does not 

have time to grow macrovoids.  

Thickness measurements have been done to confirm the effect of vapour induced phase separation on the 

morphology and the results are summarized in Figure 91 and Figure 92. The values are found in Table 6, 

Table 7 and Table 12. At constant dipcoating speed and concentration of PI in the respective solvents, the 

amount of deposited solution in the film was assumed to be constant as well. In Figure 91 the thickness is 

measured at a respective relative humidity in the oven at 60 °C, at a relative humidity of 15% (which still 

resulted in transparent layers) and at a relative humidity of 30% (which resulted in whitening of the film). It 

was observed that thickness increased with increasing relative humidity and the effect became stronger as the 

withdrawal rate increased. The same was observed for samples coated from DMF solution at 15 and 17,5w%, 

as observed in Figure 92. Relative humidity in dry conditions was in the oven at 60 °C and wet relative 

humidity was higher than 15%. The observed increase of thickness was much stronger compared to the 

samples coated from NMP solution and was also stronger at higher concentration of PI.  

As a conclusion it can be stated that for the dense, transparent films, after drying at low relative humidity at 

60 °C, the thickness is strongly reduced. The phase separation which occurs at high relative humidity results 

in a cellular morphology and due to the cavities formed in the cross section of the layer a much larger volume 

is filled by the films with the same amount of deposited material. The higher effect for the films coated from 

DMF could be caused by the higher sensitivity of DMF towards humidity.  
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Figure 91 - Thickness PI layer coated from 12,5w% PI/NMP solution in function of the withdrawal 

rate at different relative humidity levels 

 

 

Figure 92 - Thickness PI layer coated from 15w% and 17,5w% PI/DMF solutions in function of the 

withdrawal rate at different relative humidity levels 

Finally roughness of PI coated samples from 15w% solution at 50 mm/min and dried in the oven at 60 °C 

from both NMP and DMF solvent was compared using AFM analysis as shown in Figure 93. The surface 

looked perfectly smooth and the resulting roughness for both samples was almost equal with an average 

value of 0,375 ± 0,007 nm. This is an improvement with no less than a factor 285 compared to the DMF 

based samples when dried in high relative humidity. This surface has a much higher potential to be used at 

the interface of dielectric and semiconductive interface without excessive charge entrapment. The obtained 

roughness was comparable to the result obtained by Somaya et al. [88]. They reported a roughness of 0,2 nm 

rms of a PI layer spincoated on a flat poly(ethylene naphthalate) substrate.  

0

0,5

1

1,5

2

2,5

3

0 50 100 150 200

Th
ic

kn
e

ss
 [

µ
m

]

withdrawal rate [mm/min]

Thickness PI from 12,5w% PI/NMP solution in function 
of RH and withdrawal rate

NMP12-lowRH

NMP12-RH15%

NMP12-RH30%

0,00

2,00

4,00

6,00

8,00

10,00

12,00

14,00

0 50 100 150 200

Th
ic

kn
e

ss
 [

µ
m

]

Withdrawal rate [mm/min]

Thickness PI from PI/DMF solution in function of RH and 
withdrawal rate at different concentration

DMF15-dry

DMF15-wet

DMF17-dry

DMF17-wet



 

 

68 

 

 

Figure 93 - AFM analysis coated with PI from 15w% solutions at withdrawal rate of 50 mm/min from 

DMF (left) or NMP (right) as a solvent. 3D representation of the surface is given (below). The surface 

looks perfectly smooth 

4.2.5 Crystallinity analysis and dielectric measurement 

Dielectric measurements were done to measure the capacitance of the dielectric layer. The effect of 

processing in ambient conditions (RH 30%, T 22 °C) and annealing the samples in the oven at 60 °C was 

tested for both solvents, DMF and NMP. The DMF treated sample was coated from a 15w% solution at 

12,5mm/min. The NMP treated sample underwent coating from 12,5w% solution at 50 mm/min. The 

samples were dried from a vertical hanging position. For the samples treated under high RH conditions a 

clear whitening of the layer was observed; the samples treated under low RH conditions at 60 °C remained 

transparent.  

Flat copper plates of 25x50 mm were used. The first set of samples dried in the ambient environment and the 

copper plates were cleaned only with methanol to improve the contact angle. Upon subsequent XRD analysis 

as illustrated in Figure 94 strong peaks were noticed at the CuO angle. Copper plates for the samples that 

dried in low relative humidity were immersed first for 2 minutes in 2 M HCl solution to remove the CuO 

layer after which the samples were also immersed in methanol. On the XRD graph the peaks for CuO have 

disappeared, proving that these peaks indeed arose from copper oxidation.  

 

Figure 94 - General XRD analysis of the PI layers deposited on copper plates under varying conditions 

The used XRD device has a linear detector, which consists of an array of 192 point detectors. This has the 

advantage that slightly tilted crystalline regions in polycrystalline materials can still be detected using XRD 

analysis. The disadvantage is at low angle a lot of background scatter occurs when the source shines directly 
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in some of the detectors. Furthermore reflection at the surface of more shiny surfaces, as is the case for PI, 

could also lead to an increased intensity without appearance of peaks. In Figure 95 the XRD of sample coated 

from 15w% PI/DMF solution at 12,5mm/min and dried in the oven at 60 °C in dry conditions and an XRD of 

the blanco substrate is shown to illustrate the effect of the linear detector. The background noise has not been 

removed. A difference in intensity can be observed, which is most likely due to different reflectivity of the 

surfaces. When subtracting the background noise no difference between the Cu and the PI layer was 

observed, indicating that the PI layer is strongly amorphous. Because the same behaviour was observed also 

for the other coated substrates with different solvents and under different conditions, it can be concluded 

based on these parameters no differences in crystallinity arise in the dielectric layer.  

 

Figure 95 - XRD uncoated Cu and coated sample 

From literature [95] it is found that the XRD for polyimide generally looks like displayed in Figure 96. The 

broad peak with 2θ centered at 17,58° reveals that the polyimide molecules have an amorphous structure. A 

similar increase in intensity is observed in Figure 94 after subtracting background radiation, which allows to 

conclude all PI coated samples have an amorphous structure regardless of the process conditions and the used 

solvent.  

 

Figure 96 - XRD analysis of pure PI [95] 

For the capacitance measurement nine circular contacts were sputtered under argon atmosphere directly on 

the dielectric layer with gold on the sample using a shadow mask as illustrated in Figure 97. The method was 

the same as used for the deposition of the electrodes on the fibres as described in paragraph 2.3. First the 

capacitance of the sample coated with PI from a 15w% DMF solution and dried in ambient conditions was 

measured in function of the frequency (Figure 98). Some instability was noticed at lower frequency. At very 

high frequency the capacitance became very low. It was chosen to conduct further C(V) measurements at a 

constant frequency of 3000Hz.  
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Figure 97 - Image of the nine contacts on the PI coated copper plate with corresponding gold contact 

numbers. Thickness of the layer increases from the upper to the lower side due to gravity and 

decreases from the middle towards the edges due to edge effects 

 

Figure 98 - Capacitance of PI layer deposited from 15w% DMF solution dried in ambient conditions in 

function of the frequency at constant voltage oscillation of 0,03V 

At constant frequency of 3000Hz the capacitance was measured with varying voltage from -10 V to 10 V 

with steps of 1V. For all the samples a similar behaviour as in Figure 99 was observed, when averaging out 

the obtained data points. Contact points 1, 2 and 3 showed a capacitance higher than the average value. 

Contact points 4, 5 and 6 had a capacitance close to the average value. Contact points 7, 8 and 9 exhibited a 

capacitance lower than the average. This behaviour was explained because the samples are dried in a vertical 

position. During drying the dielectric layer solidifies as the solvent evaporates and the layer gradually moves 

down under influence of the gravity. The effect is more pronounced for NMP because evaporation is slower. 

It was also observed that the contacts in the middle generally have a lower capacitance than the contacts on 

the edges. This is explained by the edge effect which was also observed when coating the dielectric layer on 

PES ribbons. On the Figure 20 in paragraph 1.4.4 it could be observed that due to edge effects, the PI layer is 

thicker in the middle of the ribbon. The capacitance is strongly affected by the thickness of the dielectric 

according to formula (Eq.8) for a flat plate capacitor. In Table 8 an overview is given of the average 

measured capacitance for each contact. The overall average capacitance was 0,143 nF. The capacitance of 

contact 5 was 0,145 nF. Because of this reason only the most central contact were used for measuring the 

capacitance. The other contacts were used to ensure the measurement was reliable.  

0,0

0,1

0,2

0,3

0,4

0,5

3E+01 3E+02 3E+03 3E+04 3E+05

C
ap

ac
it

an
ce

 [
n

F]

Frequency [Hz]

Frequency dependence capacitance



 

 

71 

 

 

Figure 99 - Independent C(V) capacitance measurements from -10 to 10 V at 3000Hz for the nine 

different contacts for a 15w% PI/NMP coated sample at low relative humidity 

Table 8 - Average capacitance measured for the individual contact points in the corresponding order 

on the copper plate for PI layer from 12,5w% NMP solution coated at 50 mm/min and annealed at 60 

°C 

Contact1: 

0,148 nF 

Contact2: 

0,139 nF 

Contact3: 

0,170 nF 

Contact4: 

0,159 nF 

Contact5: 

0,145 nF 

Contact6: 

0,162 nF 

Contact7: 

0,107 nF 

Contact8: 

0,113 

Contact9: 

0,143 

In Table 9 an overview is given of the measured capacitance for the various processing conditions and 

different solvent. The diameter of the contacts was measured using an optical microscope and the diameter of 

the gold contacts was estimated to be on average 5mm. The surface area is therefore about 1,96.10
-5 

m². 

Table 9 - Capacitance at constant frequency for PI layers coated under various conditions 

Sample High RH Low RH Ratio Low/High RH 

DMF 15w% - 12,5 mm/min 0,004 nF 0,145 nF 32,45 

NMP 12,5w% - 50 mm/min 0,018 nF 0,105 nF 5,71 

Thickness was measured by scratching away a part of the PI layer with another copper plate and using 

profilometry. The disadvantage of this approach is that it is not very accurate and the maximum measurable 

thickness is 12 µm. The thickness of the gold contacts was estimated to be about 1 µm and was subtracted 

from the measured thickness. To calculate the relative permittivity (Eq.8) from paragraph 1.4.3.6 was used, 

with the relative permittivity of air being 8,85.10
-12 

F/m². A summary of the measured values is given in 

Table 10. 
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Table 10 - Overview of measured thickness and capacitance for different contacts and the 

corresponding relative permittivity 

Sample Contact Capacitance Thickness Rel. Permittivity 

15w% PI/DMF – Low RH Contact 4 0,159 nF 3,8 µm 3,5 

= Contact 5 0,145 nF 5,2 µm 4,3 

= Contact 6 0,162 nF 1,6 µm 4,7 

15w% PI/DMF – High RH Contact1 0,056 nF 12 µm 0,4 

12,5w% PI/NMP – Low RH Contact 4 0,124 nF 1,9 µm 1,4 

= Contact 5 0,105 nF 3,6 µm 2,1 

= Contact 6 0,112 nF 2,0 µm 1,3 

12,5w% PI/NMP – High RH Contact3 0,032 nF 11 µm 2 

Again it was confirmed that the PI layers deposited from DMF or NMP that dried in ambient conditions at 

higher relative humidity result in an increased thickness compared to the dense films which dried in an oven 

at 60 °C at lower relative humidity. Because of the reduced thickness, the denser films had a much higher 

capacitance. This higher capacitance is important for an increased drain source current and consequently 

transistor performance for a lower gate voltage.  

Because of the porous structure for the samples that dried at higher relative humidity the dielectric constant 

was expected to be much lower. This was indeed the case for the DMF treated samples, where the dielectric 

constant varies by a factor 10. However, this effect was not noticed for the samples coated from NMP 

solution and the reduced capacitance would be solely attributed to the increased layer thickness. A possible 

explanation could probably be found in a different morphology of the layer depending on the used solvent. 

For DMF/PI/water system solution the time to reach the gelation point was much shorter than for the 

NMP/PI/water system as explained in paragraph 4.2.4. The DMF/PI system is believed to result in a sponge 

like morphology with many small porous cells when dried in humid ambient conditions like in Figure 84. 

The NMP/PI system forms larger voids during the drying process in ambient conditions at higher relative 

humidity, like the FIB structure shown in Figure 86. This difference in expected morphology could explain 

why for the DMF/PI solution a very large effect on the dielectric constant was observed and this was not the 

case for the NMP/PI solution when the relative humidity is varied. 

Finally the dielectric properties were tested directly on the fibrous materials. The measured values of the 

capacitance coated samples from 15w% PI/DMF solution at withdrawal rate of 50 and 75mm/min and from 

15w% PI/NMP solution at withdrawal rate of 50 mm/min were tested all dried at low relative humidity. The 

measured values are summarized in Table 11. The capacitance for the samples coated from DMF was slightly 

higher when compared to the capacitance from NMP. With this size of contacts the capacitance was 

approximately 30 nF/cm². Compared to literature a dielectric layer of PVP + pMSSQ had been realised with 

capacitance ranging between 4,98 and 8,2 nF/cm² [48]. The exact size of the contact would have to be 

determined to know the capacitance per surface area more precisely.  

Table 11 - Capacitance measurement of PI coated fibres from DMF and NMP as a solvent 

15w% PI/DMF 50 mm/min 0,231 ± 0,003 nF 31,15 nF/cm² 

15w% PI/DMF 75mm/min 0,228 ± 0,003 nF 30,76 nF/cm² 

15w% PI/NMP 50 mm/min 0,203 ± 0,003 nF 27,39 nF/cm² 

Incorporation of high dielectric inorganic nanoparticles into a polymer matrix can boost the overall dielectric 

constant of the thin film. Another option is using a well-ordered densely packed self-assemble monolayer 

(SAM) as the thinnest possible high quality dielectric layer [51]. 
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4.2.6 Leakage current 

Only samples that were isolating using silver paste in paragraph 4.2.2 and 4.2.3 were taken into consideration 

to make already a first selection. In order to pass the test, leakage current over the entire range of the DC 

generator which can generate a voltage up to 60 V should not be measurable with the multimeter, which has 

an accuracy of 10
-5

A.  

First set of fibres to be tested were coated from 12,5w% PI/NMP solution. Samples coated at a speed higher 

than 25 mm/min were isolating and, when treated in low humidity conditions, showed excellent morphology. 

In Figure 100 an overview is given of the measured leak current. All samples exhibit a leak current in the 

order of mA, a value which is unacceptably high. The layer turned out to be too thin to provide good isolating 

properties. Upon increasing dipcoating speed it was noticed the leak current seemed to decrease initially. 

When the speed reached a certain threshold value, a turning point seemed to have been met, after which the 

leak current started to increase again. Possible explanation for this phenomenon could be due to instability in 

the layer upon increased dipcoating speed as described in paragraph 2.2 where the layer becomes thinner at 

certain points across the fibre length. At higher dipcoating speed the risk of crack formation also increases. 

Because the gold electrodes make very close contact to the substrate, any cracks propagating towards the 

subsequent copper layer might result in a strongly increased leak current. Such a leak current could not be 

measured using silver paste, because the contact remained more on the surface and did not penetrate into 

voids.  

 

 

Figure 100 - Leak current for samples coated from 12w% PI/NMP solution 

From (Eq. 13) we know that increasing the viscosity, which can be done by increasing the concentration of 

dissolved polymer, is another option to increase the layer thickness. A new NMP solution was made, this 

time with a concentration of 15w%. From the graph it can be noticed that the leak current is strongly reduced 

compared to the samples coated from 12,5w% PI/NMP solution. Again the phenomenon of decreasing leak 

current with increasing dipcoating speed is observed until a minimum has been reached. After this, the leak 

current increased again. The only combination at which leak current was low enough was reached at a 

withdrawal rate of 50 mm/min.  
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Figure 101 - Leak current for samples coated from 15w% PI/NMP solution 

Because the morphology of the PI fibres coated from DMF solution has been strongly improved by drying at 

60 °C with low relative humidity leakage current for 15 and 17w% solutions have been measured and are 

illustrated respectively in Figure 101 and Figure 102. Also here a similar effect is noticed. At low dipcoating 

speed the layer thickness was too thin and a high leak current was measured. The leakage current decreased 

and at 15w% and a dipcoating speed of 50 mm/min the first layer with immeasurable leak current was 

obtained. At 100 mm/min again a slight conduction was observed, probably again due to small cracks in the 

layer. For 17w% the sample was very slightly conductive when dipcoating speed was 12,5 mm/min. Samples 

treated at higher velocities were isolating over the entire measuring range. The sample coated at 150 mm/min 

exhibited a small, yet measurable leakage current of 0,01mA when testing at 60 V indicating again 

occurrence of film instability or cracks in the dielectric layer. 

 

Figure 102 - Leak current for samples coated from 15w% PI/DMF solution 

Finally the effect of fibres treated at higher relative humidity was tested. Two samples were coated from 

12w% PI/NMP solution. One was dried at low relative humidity; the other was dried at relative humidity of 

30% and subsequently turned white. The corresponding leak current measurement can be found in Figure 

103. It seemed that the samples treated at high relative humidity exhibited a much lower leak current. This 

could be attributed to the higher porosity. Air has a negative effect on the capacitance, but improves the 

isolating properties. Finally a commercially available copper wire coated with a 10 µm PI layer was tested of 
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which the result can also be found in Figure 103. The leak current was very high and this fibre cannot be used 

for development of a transistor.  

 

Figure 103 - Leak current for samples coated from 12w% PI/NMP solution at high and low relative 

humidity & leak current of commercial available Cu + PI. 

In Table 12 an overview is given of the insulating behaviour of different combinations of withdrawal rate and 

polymer concentration of the dielectric layer coated from both DMF and NMP. The green fields indicate 

combinations of PI concentration and withdrawal rate that resulted in a layer, which had a leakage current 

below the measurable range of 0,01mA at 60 V. The red fields indicate a significant measured leak current. 

Corresponding thickness measurements are given in µm. Summarized it can be stated for a dielectric layer 

coated from NMP solution only the combination of 15w% and 50 mm/min withdrawal rate resulted in a 

sufficiently isolating fibre with a thickness of 600 nm. When DMF was used as a solvent at 15w% isolating 

dielectric layers were obtained for 50 and 75mm/min. Also here the ideal thickness was in the order of 600 

nm. At 17,5w% also the fibres coated at 25 and 100 mm/min became sufficiently isolating. The isolating 

samples were further examined with HP LF Impedance Analyser 4192A that can measure up to 10
-14

A 

accuracy.   

Table 12 - Overview leak current with gold contacts 

Low RH 12,5 25 50 75 100 150 mm/min 

NMP12,5w% Leakage Leakage 0,64 0,71 0,75 1,07 

 µm 

NMP 15 w% 0,41 0,55 0,60 0,62 0,93 0,98 

DMF 15 w% 0,24 0,36 0,55 0,77 0,87 1,54 

DMF 17 w% 0,51 0,80 1,09 1,20 1,15 Leakage 

For the NMP coated samples at 50 mm/min from 15w% solution a typical graph for a dielectric leak current 

was obtained (Figure 104). When plotting log(A) in function of √V a linear correlation should be noticed, as 

has been confirmed in Figure 105. Leak current was in the order of 10
-9

A. Such a dielectric layer could be 

used for further development of a transistor. 
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Figure 104 - Leak current for samples coated from 15w% PI/NMP solution at withdrawal rate of 50 

mm/min 

 

Figure 105 - Leak current for samples coated from 15w% PI/NMP solution at withdrawal rate of 50 

mm/min with log(A) in function of √V 

As indicated in Figure 106 for the isolating fibres from 15w% PI a leak current in the order of 10
-10

A was 

measured which is a very good result. Only for 100 mm/min a sudden increase in leak current was measured, 

still well below 10
-9

A. The leak current is much lower compared to the less accurate test. This is because a 

new sample was made and probably this time no cracks had formed. Because a higher dipcoating speed lead 

to an increased layer thickness and we want to have a minimal thickness, in any case it is desired to coat 

fibres at a lower speed. Furthermore the increased risk of having cracks in the sample should be avoided.  

 

Figure 106 - Leak current for samples coated from 15w% PI/DMF solution 
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For the samples coated from 17w% PI/DMF solution a similar effect was observed as shown in Figure 107. 

Because the layer becomes even thicker a very low leak current was observed. The maximum leak current 

was measured when the dipcoating speed measured 25mm/min. All other dipcoating speeds resulted in a leak 

current well below 0,1nA.  

 

Figure 107 - Leak current for samples coated from 17,5w% PI/DMF solution 

In Someya et al. a leak current in the order of 10
-10

A was obtained for a 500nm thick spincoated polyimide 

layer on a flat poly(ethylene naphthalate) substrate. This result is comparable to the leak current obtained in 

this work on a cylindrical substrate [88].  

4.2.7 Solvent properties 

The measured values for the solvent properties are summarized in Table 13. Measuring conditions were 

ambient at a temperature of 22,0 °C for the viscosity measurement and 18,4 °C for the density measurement. 

The corresponding properties were also measured for distilled water as a reference point. It can be observed 

the viscosity of the solution strongly depends on the concentration of dissolved PI. The density of the 

solutions with PI was slightly higher compared to the pure solvent which can be found in Table 13, although 

the difference is very limited. 

Table 13 - Summary solvent properties viscosity, density and surface tension 

Solution Viscosity [Pa.s] Density [g/ml] Surface tension [mN/m] 

H2O (reference) 0,001 0,999 72,8 

15,0w% DMF/PI  1,741 0,997 96,2* 

17,5w% DMF/PI  3,190 1,006  

12,5w% NMP/PI  0,995 1,067  

15,0w% NMP/PI  2,017 1,074 31 

*Note: DMF surface tension not reliable due to fast drying of the solution. The surface tension of pure DMF 

is 37,1mN/m 

4.3 Conclusion 
A homogeneous dielectric layer has been successfully deposited from polyimide using either DMF or NMP 

as a solvent. Drying conditions were crucial, as low humidity is required for formation of a dense transparent 

film. When drying in conditions of 60 °C at low relative humidity, the obtained roughness for both solvents 

was 0,375 ± 0,007 nm. Such a low roughness is required to ensure a good interface with the semiconductive 

layer with minimal traps for charge carriers. 
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Coating from DMF in ambient conditions resulted almost immediately in phase separation, characterized by 

whitening of the PI film. This corresponded to the formation of a cellular morphology at the surface as 

confirmed by SEM analysis. The roughness was increased very strongly and was in the order of 100 nm. For 

NMP, transparent layers have been obtained in ambient conditions when the relative humidity was around 

15%. The roughness was lower around 34nm, but still 2 orders of magnitude higher compared to when 

working at lower relative humidity in the oven at 60 °C. At higher relative humidity a similar whitening of 

the dielectric layer was observed, combined with a degradation of the surface morphology. The mayor 

difference between both solvents was a significant increase in demixing time before phase separation occurs 

when using NMP. This has an impact on processability, as for films deposited for NMP there is more time 

transport the samples to the oven and therefore coating can occur at a lower withdrawal rate. 

Dielectric measurements indicated a difference in films obtained from different solvents and process 

conditions. For DMF the dielectric constant was significantly increased to about 3,5 - 4,7 when the solvent 

was evaporated in dry conditions, compared to 0,4 when dried in humid environment. The cellular structure 

obtained for drying in ambient conditions was assumed to be responsible for the reduced dielectric constant. 

When using NMP as a solvent, this effect was far less pronounced and both samples resulted in a fairly 

similar dielectric constant around 2. This could be due to the structure of the larger cavities when drying in 

ambient conditions at higher relative humidity. The difference in absolute capacitance between drying in 

humid or dry conditions arose from a difference in layer thickness, which is related to the formation of 

cavities. Therefore drying at low relative humidity was also beneficial for the obtained capacitance for both 

solvents. A higher capacitance is directly related to an improved transistor performance as follows from 

(Eq.1) - (Eq.3).  

Thickness of the dielectric layer increased with increasing polymer concentration and withdrawal speed 

during dipcoating and also depended strongly on the ambient conditions during drying, in particular the 

humidity. Testing leak current for samples coated from NMP and DMF coated at ambient conditions using 

silver paste resulted in isolating layers with a minimal thickness of about 600 nm. The samples coated in a 

later stage were dried in low relative humidity conditions at 60 °C and leak current was tested after applying 

a gold coating of 74 mm², which is a more accurate test for isolating materials. When using NMP as a solvent 

at 15w% PI concentration at a dipcoating speed of 50 mm/min a sufficiently isolating coating with leak 

current in the order of a 10
-9

A was obtained. Thickness of this PI layer was 600 nm. At lower withdrawal rate 

the layer was most likely too thin as well as micro cracks that appeared could cause leak current; at higher 

withdrawal speeds most likely cracks or film instabilities were at the base of increased leak current. This was 

also observed when using DMF as a solvent. At lower concentration no isolating layer could be obtained. 

With DMF as a solvent at a concentration of 15w% PI both for 50 and 75 mm/min a reproductive isolating 

layer could be obtained, again with a thickness respectively 550 and 770 nm. For the 17,5w% a much wider 

range of speeds resulted in an isolating layer already from 12,5mm/min. Leak currents were in the order of 

10
-9 

- 10
-10

A, which is considered a very good result. Crucial will be reproducibility of the isolating layer in 

further testing to ensure any measured drain-source current does not arise from gate leakage. Furthermore the 

layer should be as thin as possible. 

As we recall the beginning of this chapter the requirements of the dielectric layer were to have a minimal 

leak current while remaining as thin as possible and maximizing the capacitance. Furthermore a smooth 

surface morphology was required to ensure optimal interface conditions between the dielectric and the 

semiconductive layer. This was important to reduce the concentration of charge traps. Evaporating solvent in 

dry conditions at 60 °C was show to improve the morphology significantly. Coating a copper fibre from 

15w% PI/DMF solution at a withdrawal rate of 50mm/min resulted in an optimal combination of these 

parameters, with a leak current in the order of 10
-10

A at 10V and with a thickness of 550nm and an estimated 

capacitance of 31,15 nF/cm². The roughness of the polyimide surface was 0,375nm. Finally it was chosen to 

continue working with samples coated from 15w% PI/DMF solution at 75mm/min to have minimal leak 

current. This was important to be sure that if a current was measured between source and drain that this was 

due to the semiconductive layer. The cross section of this fibre is illustrated in Figure 108 where clearly the 

substrate, polypyrrole, copper and dielectric layer can be distinguished.  
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Figure 108 - Cross section of sample. The polyester substrate (1), polypyrrole layer deposited during 

180 minutes (2), the copper layer coated at 0,3M during 6 minutes (3) and dielectric layer coated from 

15w% PI/DMF solution at 75mm/min and dried at 60 °C (4) can be clearly distinguished. 
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Chapter 5 Semiconductive layer 

5.1 Introduction 

The active material must be able to form thin, flexible films that can withstand surface sheering during 

processing. This greatly limits the choice of material. In addition, the deposition of the active material must 

be a large-area, low-temperature process compatible with the gate line material and with textile 

manufacturing. Amorphous silicon has been used to make woven circuits. However, this material requires 

deposition temperatures that are too high for textile compatibility. Organic semiconductors are therefore a 

good choice. 

Controlling the properties of the semiconductive material and the corresponding layer will be of key-

importance for developing a successful textile based transistor. The semiconductive material will have to 

fulfil a wide range of requirements. Success of organic electronics will be highly dependent on the possibility 

to use inexpensive processing technologies and therefore solution processable materials will be mandatory 

for success [48].  

The used semiconductive material should have a highly conjugated π-system allowing good intrinsic field 

effect mobility. Charge carrier transport is strongly related to the morphology and crystalline microstructure 

of the organic semiconductor film. Recent advances in performance of OTFTs are largely due to fine control 

of morphology and crystalline microstructure in organic semiconductive thin films. The most crucial 

parameters for controlling the intermolecular orientation in the crystalline solid state to be considered are 

organic solution concentration and solubility, solvent evaporation rate, deposition rate and method and 

stability of the solution [46]. The quality of the previous deposited layers and the interface with the dielectric 

layer will also have a direct impact on the overall transistor performance. Substrate surface treatment could 

further improve the interface between dielectric layer and organic semiconductor. Finally post-deposition 

treatments, such as annealing, also can improve molecular ordering [39]. 

The obtained field effect mobility should be comparable to the values obtained with for amorphous silicon (a-

Si), typically ranging between 0,1 and 1 cm²/V.s. The carrier mobility depends critically on the extent of π-π 

stacking in the materials. The π-π stacking direction should ideally be along the current flow direction, which 

results in the highest mobility. This requires the semiconductor molecules to self-assemble into a certain 

orientation resulting in large, densely packed and well-interconnected grains in thin film [51]. Most small 

molecule high performance organic semiconductors, such as pentacene and phthalocyanine, tend to have the 

long axes of the molecules oriented close to the normal to the dielectric surface (Figure 109 left) and the 

carriers can transfer at high rate. In case of solution processed semiconductor polymers, it is preferred for the 

π-conjugated plane to adapt an edge-on (Figure 109 right) orientation on the surface [44, 51]. 

 

Figure 109 - Molecular orientation of high performance organic semiconductors. Pentacene molecules 

assemble with the long axis oriented perpendicular to the dielectric surfaces (left) and molecules of 

Regioregular poly(3-hexylthiophene) (P3HT) spontaneously assemble into ordered structures with 

edge-on orientation (right). The π-π stacking between polymer chains facilitates charge transport [51] 

Furthermore the active layer should be characterized by a good on-off ratio. For this the presence of 

impurities that could act as dopants should be avoided. Also long-term stability for device longevity and 

maintenance is required. 
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5.2 Choice of organic semiconductive material 

As semiconductive layer, many organic semiconductor materials with high charge mobility can be used to 

realize the device. This requires a highly conjugated π-system. π-conjugated organic oligomers and polymers 

can function either as p-type or n-type semiconductor in which respectively the majority of carriers are holes 

or electrons. As a consequence n-type transistors are characterized by a high electron affinity and p-type by a 

low ionization potential. Most successful organic semiconductors are p-type, because of their stability in air 

and relative high mobility. N-type semiconductors in most cases have a tendency to react with air and 

moisture under operating conditions and have relatively low field-effect mobilities, making them less suitable 

for practical applications [51]. 

A subdivision in two groups can be made: small molecules like pentacene and α-sexithiophene (α-6T) and 

polymers such as polyacetylene, poly(3-hexylthiophene) (P3HT) and polythienylenevinylene. Some 

examples are show in Figure 110 [22, 39].  

 

 

Figure 110 - Some examples of p-type semiconductors small molecules such as pentacene (1) and α-

sexithiophene (2) and polymers such as polythiophene (3). 

Polymerisation reaction can be described as a consecutive reaction of monomers to form a macroscopic 

molecule. When building up the polymer from two or more types of components, the stoichiometry of the 

reaction partner has to be as exact as possible to achieve high molecular weight. Furthermore any impurities 

present in the reaction mixture might interfere and cause the reaction to terminate. Due to these restrictions 

the products from a polymerisation reaction are never perfectly defined and controllable. The outcome is 

rather a product distribution and the products need to be characterized by the molecular weight and molecular 

weight distribution. Very important aspect is the purification of the resulting product which might be quite 

difficult due to tight inclusion or complexation in the polymeric network. Extracting the needed molecular 

weight fraction and narrowing down the molecular weight distribution to the required degree is not a very 

easy process and often needs to be determined empirically. It is often difficult to purify the polymers and 

achieve good molecular ordering over large-area substrates.  

Polymers are attractive for OTFTs because thin films of these materials can be obtained through simple 

solution techniques such as drop casting, spin coating and ink printing. The environmental stability of 

polythiophenes is however often a serious problem, due to the fact that these materials are easily oxidised and 

consequently become more conductive. As a consequence of this ―oxidative doping‖ the off-current of the 

transistor, a key performance parameter, tends to increase. Improvement of the stability parameters has been 

investigated. Different approaches were attaching electron withdrawing groups, using copolymers with 

acceptors[96], shortening the effective π-conjugation length by twisting of the conjugated backbone or 

introducing non- or less conjugated units into the backbone [48, 97].  New and improved polythiophene 

derivatives have been reported and show improved mobility and air stability [51].  

The mobilities achieved are usually lower than small molecules due to the poor molecular ordering and low 

crystallinity obtained. Regioregular poly(3-hexylthiophene) (RR P3HT) has a regular end-to-end 

arrangement of side chains allowing efficient π-π stacking of conjugated backbones.  It is one of the few 

polymer semiconductors that spontaneously assembles into well ordered structures upon solution deposition 

by drop casting or spin coating and leads to mobilities as high as 0,1cm²/Vs [30, 44, 51]. Thanks to its good 

solubility in various organic solvents and good film forming properties RR P3HT is one of the most attractive 

organic semiconductive polymers for the production of field-effect transistors [98]. Nevertheless, the field 

effect mobility reported for small organic molecule based OTFTs is in general much larger than for polymer 

based devices. This is due to a higher crystallinity. This will make the group of small organic semiconductors 

much more interesting. 

5.2.1 Pentacene 

The most common reported small organic semiconductive molecules are anthradithiophene, such as α-

sexithiophene and acenes, such as pentacene. Among these, the latter have shown the best results obtained so 
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far in the field of organic semiconductors and most research is therefore focussed on improving the properties 

of films based on this molecule.  

Acenes are planar organic molecules. Pentacene is a small aromatic compound that consists of five 

condensed benzene rings. The chemical structure and the structure as observed by an very high resolution 

AFM analysis conducted by IBM in 2009 [99] are illustrated in Figure 111.  In its crystal form molecules 

stand up vertically on the substrate. A weak Van der Waals force between pentacene molecules makes the 

crystalline form and hence the conjugated system.  

     

Figure 111 - Molecular structure of  pentacene (C14H22)[42] compared to AFM resolved image of 

pentacene by IBM [99] 

They are promising candidates for use as semiconductor devices because of their low lying highest occupied 

molecular orbital (HOMO) energy level and strong electronic interactions in solid state [46]. Pentacene is one 

of the first discovered small molecule organic semiconductor materials and is still one of the most common 

used materials in the field of organic field effect transistors.  

The charge carrier mobility of the system strongly depends on the molecular crystal structure and 

morphology of pentacene, which is affected by many parameters such as substrate morphology, temperature, 

deposition rate and pressure [42, 44]. Pentacene based thin film transistors have been reported with mobilities 

as high as 1,5 cm²/V.s [42] up to even 3 cm²/V.s [46, 49] on chemically modified substrates by means of 

thermal vacuum deposition. This is an order of magnitude more compared to mobilities of polymeric thin 

film transistors. On-off ratio‘s achieved by pentacene based OTFTs is similar to silicon based thin film 

transistors [42, 50]. The theoretical high purity single crystal mobility has been calculated as high as 35 

cm²/V.s [49] and has been confirmed by experimental results [39] despite the lack of profound π-π 

interactions as a consequence of the herringbone configuration of pentacene molecules, which limits charge-

carrier transport. As illustrated in Figure 112 the average distance between π-systems in an edge-to-face 

herringbone morphology for pentacene has been calculated at 6,27Å [46].  

 

Figure 112 - Typical edge-to face herringbone configuration of pentacene crystals[46] 

Macconi et al. demonstrated evaporation of pentacene on a cylindrical metal fibre resulted in mobilities that 

were comparable or even better than polycrystalline planar devices. AFM investigations on the channel area 

of the wire showed that the morphology of the pentacene layer is pretty regular, with the typical granular 

appearance that is observed also on a planar insulating layer. In comparison with pentacene depositions made 

with the same evaporation parameters (rate, distance between crucible and sample) on PET thin film planar 

substrates the mean dimension of the domains is significantly higher. Typical grain dimensions around 150 

nm have been found for pentacene grown on polyethylene terephthalate films, while grain dimensions were 

obtained in the range of 200–250 nm on the cylindrical substrate. Considering a model where the mobility is 

limited by traps localized at grain boundaries, this should coherently result in a higher mobility. The found 

values were in the order of 10
-2

  cm²/V.s [56] 

The main disadvantage is the poor solubility of pentacene molecules in organic solvents at room temperature 

[100]. Despite its price, high-vacuum vapour deposition of pentacene is therefore still the most used 

technique for the deposition of the active layer [101]. Vacuum techniques are costly because of expensive 

equipment, sophisticated instrumentation, low deposition throughput and limited upscalability [39, 44, 50]. 
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Highly ordered films with different thickness can be obtained by controlling the substrate temperature and 

deposition rate. Vapour deposited organic semiconductors can be deposited and processed at low temperature 

on substrates such as plastic or even paper [67]. Although pentacene shows better performance in field effect 

mobility and on-off ratio, the high costs stimulate research to modify these materials and make them solution 

processable. Polymers are generally good soluble and electrical performance is slowly increasing [44, 53, 

102].  

The other disadvantage of pentacene is that it is relatively unstable towards oxidation [103] although it has a 

relative good stability compared to other organic semiconductors [100]. 

5.2.2  Soluble small organic molecules from precursors 

One particular attraction of OTFTs is that all the layers have the potential to be deposited at room 

temperature with solution processing or direct printing resulting in low-cost, large area electronic devices that 

can be realized on flexible substrates [46]. Solution processable pentacene will facilitate large scale 

production of electronic devices, especially for disposable applications [49, 74].  

In order to use low cost production techniques such as ink-jet printing development high performance 

solution processable organic semiconductors are required [53]. Soluble small molecule systems are providing 

the high performance of vapour deposited systems with the convenience of low-cost solution based 

processing techniques [104]. 

Much work has been focused on using a soluble precursor allowing the fabrication of solution-cast 

unsubstituted pentacene. Reconversion of the precursors to pentacene is conducted upon heating. Initially 

mobilities achieved were very low, but recently a mobility of 0,2 cm²/V.s and an on-off ratio of 10
6
 has been 

achieved by Müllen et al. [53]. Pentacene formation by this precursor method requires a multi-step synthesis 

with low purity and a relatively high temperature conversion process (200 °C). Conversion at a lower 

temperature of 140 °C is also possible. Initially then the resulting mobilities are much lower in the order or 

10
-4 

- 10
-3

, but recently maximum reported mobilities of 0,1 - 0,2 cm²/V.s [67] have been achieved. 

Alternatively reconversion can also be done by using photosensitive precursors and exposure to UV 

irradiation and final annealing [44]. 

Another approach of Afzali et al. is based on a lewis acid catalysed diels-alder reaction where pentacene 

reacts in an organic solvent with a hetero dienophile (Figure 113). The goal was to develop a solution 

processable soluble precursor that can be reconverted in a one step process at moderate temperature. At a 

temperature of 130 °C the achieved field effect mobility was 0,13 cm²/V.s [100].  

 

Figure 113 - Reaction scheme of one-step synthesis of a soluble pentacene precursor that reverts to 

pentacene at moderate temperatures. Pentacene reacts with N-sulfinylamide as hetero dienophile in a 

Diels-Alder reaction.  

5.2.3  Substituted soluble chromophores 

Another approach is to permanently functionalize linearly-fused chromophores like pentacene or 

anthradithiophene with substituents. Ethyne substituted pentacene devices have been known since the 1960s 

when phenylethynyl derivatives were proposed as red emitters in chemiluminescent systems. These materials 

are generally poorly soluble [104]. Incorporation of substituent in the central positions of chromophores can 

strongly improve the solubility while at the same time improving the π-orbital overlap. The substituents take 

advantage of both steric and π-stacking interactions to induce these chromophores to self-assemble into 

arrays with strong intermolecular electronic coupling which yields uniform fields with significant long-range 

crystalline order. Typically sterically hindered silylethynylated derivatives are used to improve solubility 

[104]. The size, type and regioregularity of these groups have been explored extensively with the goal of 
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electronic properties optimization [39, 105]. The structure of some commonly used examples is illustrated in 

Figure 114. In the precursor approach the added groups limit or destroy the semiconducting properties and 

therefore must be removed. For the functionalized small molecules the groups are designed to minimize 

impact on the electronic properties and even improve the properties. Because there is no need to remove the 

functional groups, no high temperature additional steps are required [67]. 

 

Figure 114 - Molecular structure functionalised pentacene and anthradithiophenes [105] 

A close packed arrangement of molecules leads to an increased stability and is required to achieve good 

transistor performance. Studies have shown dramatic differences in performance between 1-D and 2-D π-

stacked materials. With an average mobility of 0,4 cm²/V.s 2-D stacked compounds vastly outperform  

1-D stacked compounds with a mobility four orders of magnitude lower, arising from differences in film 

morphology. Furthermore it has been shown that two-dimensional π-stacking interactions yield the most 

uniform films [104]. Well-chosen bulky side groups force the molecule in a 2-D brick stone network 

characterized by a close cofacial face-to-face arrangement with strong π-π overlap. Besides the solubility 

small changes in these side groups also strongly affect the molecular structure and packing arrangement 

together with the related average distance between the π-faces. The small distance between the π-surfaces and 

arrangement of the molecules in well ordered parallel stacks has an important effect on the charge carrier 

mobility. Finally the bulky side groups also tend to affect the stability of these molecules [49].  

Substituted anthradithiophenes forms different crystal interactions depending on the substituent. With i-

Propyl there is only a 1-D slipped stack arrangement with an average distance of 3,46 Å between the π-faces 

(Figure 115-1) , but with ethyl groups the distance between the π-faces is only 3,25 Å (Figure 115-2). π-π 

overlap in a 1-D slipped stack is less optimal compared to a 2-D bricklayer arrangement. Finally methyl 

substituent leads to a herringbone arrangement with no π-stacking due to a limitation to edge-to-face 

interactions (Figure 115-3) [105].  

 

Figure 115 - Crystalline order of alkylsilylethynyl substituted anthradithiophenes with alkyl groups 

respectively i-Pr (1), Et (2) and Me (3) , as viewed along the short-axis of the acene [105] 

5.2.4  6,13-bis(Triisopropylsilylethynyl)pentacene 

Because of its versatile solution processability and high charge carrier mobility, 6,13-

bis(Triisopropylsilylethynyl)pentacene (TIPS-pentacene) has been the most intensively investigated 

compound of all examined soluble small organic semiconductors [46, 67, 103]. Field effect mobilities 

obtained with TIPS-pentacene are generally in the order of magnitude 10
-1

 cm²/V.s with the highest reported 

field effect mobility of 1,8 cm²/V.s [67]. 

The bulky functionalized side groups in TIPS-pentacene help to disrupt the face-to-edge herringbone 

structure in unmodified pentacene.  The carbon-carbon triple bond serves to hold the substituent away from 

the aromatic surface which leads to a predominant cofacial 2-D π-stacked structure, efficiently maximizing π-

orbital coupling as illustrated in Figure 116. The π-face separation in this arrangement is 3,43 Å and π-

overlap of 7,73 Å² [53, 67, 104, 105]. 
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Figure 116 - 2-D bricklayer arrangement in solid state for TIPS-pentacene [105] 

Single crystal TIPS-pentacene has a triclinic structure with unit cell parameters a=7,5650 Å, b=7,7500 Å, 

c=16,835 Å, α=89,15°, β=78,42°, and γ=83,63°. From these parameters, strong, sharp peaks are observed at 

5,36° in the XRD spectrum which indicate a well-organized molecular structure with vertical intermolecular 

spacing of 16,8Å [67, 68, 84].  TIPS-pentacene has been deposited from an oversaturated dodecane solution. 

Although the obtained layer morphology was very poor, the single crystal structure of TIPS-pentacene could 

be clearly observed as illustrated by Figure 117. 

 

Figure 117 - Single crystals of TIPS-pentacene deposited from oversaturated dodecane solution 

5.2.4.1 Synthesis 

The synthesis of trialkylsilylethynyl derivatives follows the same basic procedure as the phenylethyne 

derivatives, namely addition of an alkyne anion to commercially available 6,13 pentacenequinone followed 

by deoxygenation using either HI or SnCl2. It has recently been shown that a mixture of KI and NaH2PO2 in 

acetic acid is the preferred reagent in cases where the pentacene unit contains strongly electron-withdrawing 

groups. For use in electronic devices the purity of the resulting material is crucial. Even the smallest amounts 

of impurities can lead to poor film crystallinity, decreased material stability and bad electronic performance. 

Because of the highly non-polar nature of these molecules and the typical impurities, the separation of by-

products is often problematic. Successful synthesis relies heavily on the purity of the starting materials [67, 

104].  

 

Figure 118 - Silylethynyl pentacene synthesis [104] 
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5.2.4.2 Solvent 

TIPS-pentacene shows high solubility in common organic solvents [53, 103]. The solubility in chloroform 

for instance, is higher than 100 mg/ml [105]. It was found that films having stronger molecular ordering 

showed higher mobility. Slower solvent evaporation rate encouraged by high boiling point solvents facilitates 

the growth of highly ordered films and has a positive effect on film morphology [67, 83]. The slower 

evaporation rate of high boiling point solvents gives the material more time to self-assemble, which enables 

the molecules to have a highly ordered structure after the solvent was evaporated completely [84, 85]. AFM 

measurements have confirmed a larger grain size of the pentacene layer when using solvents with higher 

boiling point [106]. 

In Table 14 an overview is given of different solvents with increasing boiling point. For solvents 1-4 TIPS-

pentacene was spin-coated at a speed of 1000rpm from solution containing 1w% of the organic 

semiconductor. Solvents having a low boiling point (chloroform, 61,17 °C) showed amorphous-like 

morphology and a lower degree of crystallinity. TIPS-pentacene films spin-coated from solvents having high 

boiling points (chlorobenzene, 132 °C and xylene, 138,4 °C) showed dendritelike morphology and a higher 

degree of crystallinity. The corresponding field effect mobility varied at least two orders of magnitude [83] 

[106]. As solvent 5, 1,2,3,4-tetrahydronaphatalene (Tetralin) was dropcasted from a 4 - 8 w% solution. The 

high boiling point has a positive effect on the morphology and molecular ordering [53]. The higher values of 

FE mobility are consistent with the XRD analysis of TIPS-pentacene films showing that TIPS-pentacene film 

having a higher degree of crystallinity exhibits better electrical characteristics [83].  

Table 14 - Different solvents TIPS-pentacene and corresponding film properties 

  Boiling point [ °C] Mobility [cm²/V.s] On-off ratio Threshold [V] 

1 Chloroform 61,17 [106] 10
-4

-10
-5

 [83] 1,1-4,3.10
2
 [83, 106] -8 [83] 

2 Toluene 110,63 [106] 10
-2

-10
-3

 [83] 3,4-5,5.10
2
 [83, 106] -7 [83] 

3 Chlorobenzene 131,72 [106] 10
-1

-10
-2

 [83, 106] 4,3.10
3
 [83, 106] 5.5-6[83, 106] 

4 p-xylene 138,37 [106] 10
-2

-10
-3

 [83] 1,5.10
3
 [83, 106] -2 [83] 

5 Tetralin 207 [53] 2,1.10
-2

  [53] 10
5
 [53] -2 [53] 

A similar effect is observed when dropcasting films on special treated substrate material to improve 

wettability from a 1 w% solution. More details about interface improvement are found later in this paragraph. 

Mobilities of films dropcasted from low boiling point solvents such as THF (66 °C) were less than 0,1 

cm²/V.s. The typical mobility range for films dip coated from chlorobenzene solutions was 0,1 - 0,6 cm²/V.s. 

Drop casting from a toluene solution resulted in a field mobility of 1,2 - 1,8 cm²/V.s with on-off current ratio 

of 10
8
 and subthreshold slope of less than 0,3 V/decade. This is the highest reported value of field effect 

mobility for solution deposited organic semiconductors [67].  

Another important property of the solvent is the aromaticity. Aromatic solvents such as dichlorobenzene, 

xylene and tetralin solvate the π-electron conjugated segments of the organic molecules, so that organic 

semiconductors with better π-stacking and thus better electrical properties can be formed. Non-aromatic 

solvents solvate the non-conjugated segments of the polymer and therefore films with lower electrical 

conduction are obtained [68]. 

Initially blends of different solvents have been used to test the effect on the film crystallization. Using a pure 

solvent generally resulted in a better performance than when a mixture is used [85]. These findings were only 

correct depending on the type of mixed solvents. When closely examining the evaporation behaviour in drop 

casting it can be concluded different hydrodynamic flows exist. In general, there are two types of 

evaporation-induced flows: convective flow towards the contact line from the interior of the droplet and 

Marangoni flow, which is induced by the surface tension differences between regions in the droplet. 

Generally when using a pure solvent a ring stain of solute that marks the perimeter of the droplet is 

commonly observed in most drop casted films. The outcome is generally known as the ―coffee-stain‖ effect. 

When the contact line is pinned during drying, the drop has a fixed contact area so a capillary flow of the 

solvent occurs from its centre to the contact line to replenish the evaporation loss, and this flow transports the 

solutes to its periphery (Figure 119a-c). This effect results in an undesirably uneven distribution of material 
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across the deposit, which can be disadvantageous to device performance. The convective flow that transports 

the solute to the contact line can be counterbalanced or enhanced, depending on the solvent composition, by 

the Marangoni flow that is induced by the surface tension gradient between the periphery and the interior of 

the droplet from regions with low to regions with high surface tension. When the minor component in the 

solvent mixture has a higher boiling point and a lower surface tension than the major solvent, a Marangoni 

flow with a direction counter to that of the convective flow can be induced (Figure 119d). However, the 

Marangoni flow can also enhance the  convective flow if a low boiling point solvent is added as the minor 

component (Figure 119b) [46, 107]. 

The results of these hydrodynamic flows for TIPS-pentacene films dropcasted from different solvent 

combinations is clearly illustrated in Figure 119. For the case of Figure 119a pure chlorobenzene has been 

used as a solvent. The corresponding height profile of the deposited active layer is shown in Figure 119e. In 

the other cases 25vol% of a minor solvent had been added. The minor solvent hexane (Figure 119b) had both 

a lower boiling point and surface tension. This enhanced the convective flow and resulted in a decreased 

morphology and resulted in strong peaks in the height profile at the edges of the droplet (Figure 119f). When 

using o-dichlorobenzene (Figure 119c) as a minor solvent, which has both a higher boiling point and surface 

tension a more uniform morphology and height profile was obtained due to a reduced convective flow 

(Figure 119g). Self-aligned crystals with three dimensional well-ordered crystalline structures are obtained 

when recirculation flow is generated in the drying droplet by Marangoni flow in the opposite direction to the 

convective flow when using dodecane as minor solvent. Dodecane had a higher boiling point of 216 °C and a 

lower surface tension (25,3.10
-3

N/m). The resulting field effect mobility was 1,2.10
-1

 cm²/V.s [46, 107]. 

Finally the effect of concentration of the minor solvent dodecane was tested as reported in Lim et al. It has 

been found that for 50vol% of dodecane no crystal formation was found. The maximum peak intensity arises 

for the 25vol% dodecane solution and decreases with decreasing concentration [107]. 

 

 

Figure 119 - Optical microscope and polarized images of drop casted TIPS-pentacene droplets from 

different solvent mixtures: Pure chlorobenzene (a) and mixed chlorobenzene solvents with 25 vol% of 

hexane (b), o-dichlorobenzene (c) and dodecane (d). Schematics of the evaporation-induced flow in a 

droplet during drying for various solvent compositions are shown under the corresponding images.  

Height profiles are given for chlorobenzene (e) and the mixtures with  o-dichlorobenzene (g) [107] 

5.2.4.3 Influence active layer interface 

As mentioned in paragraph 1.4.3.7 both work function for charge injection and morphology of the interface 

layer with the semiconductor play an important role in the FET performance. The organic semiconductor film 

formation and device performance are strictly affected by the surface energy and roughness of interfacing 
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layer. Many attempts to enhance the molecular ordering focused on the control of intermolecular interactions 

at the interface between the layers of the device structure have been attempted [46, 53, 67]. 

The surface energy of the substrate has a large effect on the drying behaviour of the film. One approach is to 

use cold oxygen plasma treatment to increase surface energy. The wettability determines the morphology and 

the crystalline microstructure. High energy ions in the plasma can open the weak Van der Waals bonding of 

the insulating polymer layer and improve their surface bonding capabilities and properties. Cold oxygen 

plasma treatment to clean the substrate, enhance wettability and surface bonding capabilities has been 

successfully used to treat a dielectric surface before applying a solution cast TIPS-pentacene layer  [53, 68] .  

Alternatively, modification of the gate dielectric surface with self assembled monolayers (SAMs) can result 

in a differential adsorption and wetting properties at the interface and consequently at the surface induced 

orientation and device performance.  As a comparison two different substrates of SiO2 dielectrics with 

different SAMs were sed. This approach uses a single monolayer at the interface to improve the surface 

morphology and adhesion between the layers and affects the nucleation and growth of organic 

semiconductors Si-OH groups on SiO2 surface for example are known to trap electrons. Capping SiO2 with 

octadecyl trichlorosilane (OTS) can significantly reduce electron traps and improve mobility [51]. 

Improvement of the charge carrier mobility by as much as 875% on a PI substrate has been realised by 

combining both surface modification techniques [42]. As illustrated in Figure 120 on a surface with high 

surface energy TIPS-pentacene microcrystals with highly ordered crystalline structures develop from the 

periphery to the interior of the droplet, attributed to the contact line pinning and outwards convective flow in 

the drying droplet. On the other hand from on hydrophobic surfaces with low surface energy small 

agglomerates with poor molecular ordering form, because continuous retraction of the contact line occurs 

during the drying process in the absence of pinning of the contact line. A good wettability or in other words a 

high hydrophilicity of the substrate is therefore required. The nature of self organization in a drying solution 

is complex and depends on the kind of solvent and substrate used [46]. 

 

 

 

Figure 120 - Optical microscope images and schematic illustration of drop casted TIPS-pentacene on 

more hydrophilic (a) and more hydrophobic (b) substrates [46]  

The crystalline nature of a TIPS-pentacene film was compared between methyl-terminated and phenyl 

terminated SAMs. The phenyl-terminated case resulted in a much higher crystalline nature and showed a 

device performance 20 times higher than that of the methyl-terminated monolayer [46].  The highest reported 

field effect mobility for TIPS-pentacene was achieved for a bottom-contacted OTFT configuration. Prior to 

the active layer deposition the substrates were cleaned using UV ozone. After UV cleaning self assembled 

monolayers of pentafluorobenzenethiol (PFBT) and hexamethyldisilazane (HMDS) were formed on the 

source drain electrodes and gate dielectric respectively. The HMDS treated oxide surface had a water contact 

angle of about 60°. Drop casting from a 1w% toluene solution on this kind of substrate resulted in a 

maximum field effect mobility of 1,8 cm²/V.s. [67]. Furthermore HMDS is the most reported molecule to be 

used as SAM for improvement of the gate dielectric semiconductor interface and has shown to improve not 

only mobility, but also subthreshold slope and on-off ratio compared to untreated samples [83, 106, 108]. For 

ink-jet printing and drop casting treating with n-octyltrichlorosilane (OTS-C8) is done to make a more 

hydrophobic surface before TIPS-pentacene deposition. By decreasing the surface energy printed drops will 

not spread on the surface leading to a ticker active layer [85]. Improvement of the interface between a 

polyimide insulator layer and pentacene has also been achieved by A-174 organosilane solution deposition 
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[42]. Unfortunately the SAM treatment has some disadvantages because it requires an additional processing 

step and the solvent may destroy the polymer dielectric and polymeric substrate [53]. 

 

Figure 121 - Bottom-contact OTFT with TIPS-pentacene pretreated with PFBT and HMDS on the 

gold electrodes and gate dielectric respectively. This configuration lead to the highest reported field 

effect mobility with dropcasting from 1w% toluene solution [67] 

 

In general it can be concluded, the surface chemical structure of the dielectric dramatically affects molecular 

orientation and device performance because the nucleation and growth of molecules on the surface is 

determined by the balance between the molecules–surface and molecules–molecule interactions. A good 

wettability is required to ensure a good film morphology [46]. The used solvent should furthermore under no 

conditions damage the interfacing layer. 

5.2.4.4 Stability  

Thermografical analysis (TGA) reveals that TIPS-pentacene undergoes inflections at 388 °C that suggested 

that a decomposition process occurred as indicated in Figure 122. Due to the molecular structure with 

substituted bulky side groups at the 6 and 13 positions, it forms molecular crystals which resulted in a 

decomposition temperature at a higher temperature compared to unsubstituted pentacene. With DSC two 

peaks were observed, an exothermic peak at 123 °C corresponding with melting of the compound and an 

exothermic peak at 118 °C indicating a structural phase transition [74].   

 

Figure 122 - TGA plot TIPS-pentacene with heating rate of 10 °C/min under nitrogen atmosphere. 

Inset indicates the DSC analysis with a respective heating and cooling rate of 10 and -10  °C/min under 

nitrogen flow [74] 

Solution deposited TIPS-pentacene films show an increase in field effect mobility at low temperatures and 

reach a maximum value at Tm around 250K.  For solution deposited TIPS-pentacene the activation energy is 

110 meV. This method can also be used to determine the quality of the sample, because a higher Tm and 

higher Ea indicate that traps are more dominant in this case.  [109].  

One problem with most soluble substituted pentacene derivatives was their high susceptibility towards photo-

oxidation in solution (t1/2 in the order of a few minutes). Substitution of pentacene with bulky 

trialkylsilylethynyl, as is the case for TIPS-pentacene, has proven to be effective for stabilization. TIPS-
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pentacene is about 50x more stable under ambient light conditions as compared to unsubstituted pentacene, 

which is relatively vulnerable to oxidation [102]. TIPS-pentacene has a lower LUMO level than 

unsubstituted pentacene which is believed to be responsible for the improved stability. The lower LUMO 

energy level hinders photo-oxidation by reducing the rate of electron transfer from photo-excited TIPS-

pentacene to oxygen [103]. As illustrated in Figure 123 TIPS-pentacene shows a strong absorption peak at 

643nm and two weaker absorption peaks at a wavelength of 592 and 550 nm which corresponds to the upper 

half of the visible light spectrum. 

Photosensitive properties have been demonstrated and offer the application as light detectors or optical 

switches. The performance of photoresponsivity of pentacene is about 300 A/W, which is still lower than that 

of amorphous silicon. The absorption edge of TIPS-pentacene is around 700 nm and it is observed upon 

illumination with a 30mW He-Ne laser (λ=632,8 nm) there is a nearly four order increase in current. [109].  

 

Figure 123 - Optical absorption spectra of TIPS-pentacene in chloroform [74] 

  

The lifetime of OTFTs having no passivation layer is usually relatively short when exposed to ambient air 

due to the interaction of organic semiconductor with oxygen and moisture. For this reason the thickness of 

the active layer affects the stability. An active layer of 1 µm degrades a little in air over time, but the OTFTs 

with a 0,05 µm TIPS-pentacene layer shows significant degradation in drain currents. The thick active layer 

has a self-passivation effect: even though the surface region is affected by H2O and O2 the bulk remains 

unaffected. The degradation behaviour can be modelled as
0FE FE t  , with α the slope of degradation. The 

slope for a film of 0,05 µm is -0,16 and for 1 µm measures -0,041. It is found that reduction in field effect 

mobility due to H2O trapping is more significant than due to O2 doping under ambient air and the O2 effect is 

dominant over H2O trapping in dry air. The H2O and other polar molecules absorbed by exposure to ambient 

air create new trapping sites for the carriers at grain boundaries, which reduce mobility and cause threshold 

voltage to change. The degradations of OTFT performance caused by O2 is due to oxidation [85]. 

Solution processed TIPS-pentacene OTFTs typically show improved mobility stability with time for air 

exposure conditions. In the testing environment relative humidity varied from 30-50% and the ambient light 

was between 400-600lux. Vapour-deposited pentacene without encapsulation layer exhibit a mobility 

degradation of more than 30% over 4 weeks. The improved TIPS-pentacene stability could be explained by 

the functional groups at 6 and 13 positions that may hinder this oxidation in ambient air. Another possibility 

is the different crystal structure of TIPS-pentacene. Pentacene thin films pack in a herringbone stacking with 

an average molecular distance of about 4Å, which is larger than the spacing for the 2-D π-stacked solution 

deposited TIPS-pentacene which has an average layer distance of 3.46Å. Due to this smaller space less 

moisture or oxygen would be able to diffuse into the crystal resulting in an improved stability. Although 

smaller, still a degradation of the charge transport is observed when exposing the TIPS-pentacene layer to 

ambient air and light. A slight degradation of the field effect mobility and increase of the threshold voltage is 

observed. In dark and vacuum conditions little changes were observed [108].  

5.2.4.5 Anisotropy  

One of the long-standing challenges in development of OTFTs is to produce organic single crystals of 

semiconductor materials. Single crystals are largely free of grain boundaries and have good molecular 

orientation which enhances π-π overlapping promoting efficient charge transport and leading to higher charge 

carrier mobility. The theoretical maximum field effect mobility for TIPS-pentacene single crystals is 

estimated at 3,5 ± 0,6 cm²/V.s [46, 110]  
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If θ is the angle between the crystal long axis and the channel direction it has been shown that with increasing 

θ the field effect mobility down until a minimum is reached at 45°. When approaching 90° the field effect 

mobility was found to increase again. This corresponds well with the two dimensional π-π stacking of TIPS-

pentacene and confirms the strong anisotropic character of this molecule [110].  

Thin film growth on inclined substrates or under the directed flow of an inert carrier gas across source-drain 

electrodes arranged in a variety of orientations show that mobility can vary by an order of magnitude 

depending on the direction of crystal growth across the electrodes. Control of film morphology is thus critical 

in improving the reproducibility of device performance in these pentacene films [104]. Large grain bridges 

across both the source and drain electrodes oriented so, that carriers need not to encounter several grain 

boundaries while traversing the channel positively affect the overall device performance [53].  

Tilting the substrate so that the lower drop line spreads down the slide and the upper contact line remains 

pinned results in a drying process where the evaporation near the upper contact line is faster than near the 

lower contact line. This results in a hydrodynamic flow of the solvents towards the upper contact line, in 

order to compensate for the evaporation loss and thus in the transport of TIPS-pentacene molecules to the 

contact line. This causes crystal seeds nucleation from the pinned contact line orienting crystallites with the 

stacking axis growth down the slide [46]. Because the fibres in dipcoating are also tilted during the drying 

process this is believed to have a positive effect on the crystallite orientation in the direction of the fibre main 

axis. 

5.2.4.6 Blends 

To improve the film forming properties of small molecule semiconductors, the blending of molecules such as 

TIPS-pentacene with insulating or semiconducting polymers has become a compelling strategy. The polymer 

matrix dramatically slows the loss of solvent from the deposited film, allowing the small molecule to 

segregate and crystallize into large grains. This approach combines the processing properties of soluble 

polymer materials with the excellent electronic properties of high performance small molecules.  Recent 

studies of poly(α-methylstyrene)/TIPS-pentacene blends showed mobilities as high as 0,54 cm²/V.s from 

spin-cast films. The high performance in this device was probably due to the fact that the semiconductor 

segregated preferentially to the interface with the used silica dielectric under the precondition that a polymer 

of sufficiently high molecular weight was used. Blending pentacene with poly(triarylamine) led to 

segregation of TIPS-pentacene to the top (air) interface of the polymer. In this case spin cast films in a top 

gate configuration yielded saturation mobility as high as 1,1 cm²/V.s with good device uniformity and 

stability [46].  

5.2.4.7 Aftertreatment 

Without any aftertreatment deposited soluble acenes do not provide optimal π-π interaction between the 

fused acene rings and therefore a post-deposition technique is indispensable. One such an approach is thermal 

annealing. It has been noticed that as the annealing temperature increases, the field-effect mobility increases. 

As reported by Bae et al. untreated TIPS-pentacene FET had a field effect mobility of 0,152 cm²/V.s and 

reached a maximum of 0,401 cm²/V.s at an annealing temperature of 60 °C when drop casted from 1,2-

dichlorobenzene solution. Furthermore it is found to suppress both the development of cracks and the 

increase of the off-current with time in air under ambient pressure. Cracks could act as trapping sites of 

moisture and oxygen increasing the off-current flow [101]. At higher temperatures the mobility decreases due 

to the appearance of cracks. This is caused because the distances between the acene planes are reduced 

during heat treatment which leads to cracks in the TIPS-pentacene crystals. As indicated in the paragraph 

about stability, differential scanning calometry for TIPS-pentacene shows an endothermic peak at 124 °C, 

which means that TIPS-pentacene undergoes a phase transition. At higher temperatures exothermic 

degradation is observed which is contributed by Diels-alder polymerisation between the alkyne substituent 

and the pentacene backbone. The behaviour is summarized in Figure 124 where the peak intensity as 

observed by XRD analysis is plotted in function of the annealing temperature. The corresponding images 

with made with an optical microscope clearly show the appearance of cracks at higher annealing temperature 

[46, 110]. 
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Figure 124 - Peak intensity of X-ray diffraction along (001) and the corresponding optical microscopic 

images of the TIPS-pentacene films annealed at various temperatures. The inset shows the 

corresponding XRD at 60 °C [101] 

Another approach is solvent vapour annealing in which the solvent is evaporated and absorbed by organic 

film where it acts as a plasticizer. This gives the molecules the necessary flexibility to reorient and 

crystallize. The rapid increase in molecular ordering probably arises because the soluble acene molecules 

bind through only weak interactions in the solid state.  This process has the advantage that it can be 

conducted at room temperature.  [111, 112] 

The most effective for vapour annealing are marginal solvents.  Poor solvent post solution processing has 

been tested on TIPS-pentacene. TIPS-pentacene was drop casted from a 0,1w% chlorobenzene solution on a 

HMDS-treated gate dielectric and post heated on a 70 °C hot plate for 30 minutes. The films were exposed to 

deionised water, isopropyl alcohol, ethanol, toluene, tetrahydrofuran and chloroform for 5 seconds at room 

temperature. After this the solvents were carefully removed from the active layer under N2 flow. THF, 

toluene and chloroform dissolved the active layer so only isopropyl alcohol, deionised water and ethanol 

could be used. As shown in Figure 125 XRD analysis pointed out best results were obtained with ethanol. 

Interlayer distance (001) decreases from 16.75 Å to 16.65 Å as the peak shifts from 5.27° to 5.3°. Isopropyl 

alcohol showed a much smaller improvement in crystallinity and deionised water even decreased 

crystallinity. Right part of Figure 125 displays AFM images of pure pentacene (a) and after exposure of 5s to 

ethanol (b). The latter showed large grains and a much higher crystallinity. Compared to the other solvents, 

ethanol is the poorest solvent for TIPS-pentacene and therefore has the least damaging effect on the active 

layer. The interface trap densities for ethanol exposed TIPS-pentacene decreases with an order of magnitude 

from 3,10
12

  to 4,13.10
11  

cm
-2 

[112]. 

 

Figure 125 - XRD patterns of a fresh TIPS-pentacene film and of various solvent-exposed TIPS-

pentacene films. The inset shows the enlargement of the (001) reflection (left). AFM image of fresh 

TIPS-pentacene (right, a) and after exposure for 5s to ethanol (right, b) [112] 
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5.2.5 Conclusion 

Ease of manufacture, physical properties and low cost play an important role in organic electronics and make 

research for semiconductive organic polymers an interesting scientific field [44]. Despite the efforts, the 

charge carrier mobility remains rather low and generally lays in the range of 10
-4

 to 10
-1

 cm²/V.s [42, 50] The 

highest reported field effect mobilities are below 0,2 cm²/V.s [67].  

Much higher field effect mobilities can be achieved with small organic molecules, with a maximum theoretic 

value for single crystal pentacene of 35 cm²/V.s. Pentacene has the disadvantage of being insoluble and has 

to be deposited via more expensive vacuum techniques. Economically viable production techniques will 

require that the semiconductor layer can be deposited from solution phase processes. 

One approach in solving this problem was using soluble precursors that could be converted back to 

pentacene. This holds the disadvantage of another processing step and furthermore requires high 

temperatures for conversion. As alternative permanently substituted chromophores have been developed. 

They are soluble in most common solvents and show good transistor performance. As TIPS-pentacene has 

been the most extensively studied and has exhibited a maximum field effect mobility of 1,8 cm²/V.s when 

drop casted from toluene on special treated substrate, it is the most promising candidate to be used for the 

development of the active layer in the development of the transistor fibre.  

5.3 Deposition techniques 

Conventional techniques such as photolithography commonly have the disadvantage of being not 

economically viable. While the more expensive vacuum evaporation techniques are still mostly used, much 

research is done for cheaper solution deposition techniques and promising progress has been made. 

The use of this new class of functionalized acenes requires the development of deposition processes that 

enable control of the molecular ordering and film morphology. This approach is believed to generate the 

highest impact on manufacturing costs, which will greatly reduce the price of OTFTs and promote further 

development. 

5.3.1 Inkjet printing 

Inkjet printing is emerging as a leading technology for the deposition of organic semiconductor films in a 

variety of organic electronic applications [46, 113]. Careful selection of solvent blend is a crucial factor, 

especially the viscosity of the solution. In late 2007 an all ink-jet printed display was demonstrated using 

TIPS-pentacene in a polystyrene blended ink as the active transistor material. An average mobility of 0,194 

cm²/Vs was achieved (channel length 125 µm) with an on-off ratio of 10
5
 [104].  More recently TIPS-

pentacene has been printed from a 1,2-dichlorobenzene 1w% solution at a substrate of 60 °C reaching a field 

effect mobility of 0,24 cm²/V.s, on-off current ratio of 10
7
 and a threshold voltage of -2 V [68].  

5.3.2 Langmuir-Blodgett films 

A Langmuir–Blodgett film is a kind of ultrathin and well-ordered thin film deposited from the surface of a 

liquid onto a solid by immersing or emerging the solid substrate into or from the liquid. A monolayer is 

adsorbed homogeneously with each immersion or emersion step, thus films with very accurate thickness can 

be formed. The Langmuir–Blodgett technique allows fine control of both the structure and thickness of the 

film at the molecular level. It is a conventional vertical dipping technique. Using this technique, single 

molecular monolayers with nearly no defects can be obtained. However, this technique is in principle 

restricted to amphiphilic molecules, composed of a hydrophobic chain and a hydrophobic head group, which 

is not the case for most of the materials used in OTFTs. An attempt to develop suitable molecules has been 

made by modifying the side chains of Regioregular poly(3-alkylthiophene) in order to make the molecule 

amphiphilic. The introduction of perfectly alternating dodecyl and trioxynonyl groups allows deposition of a 

monolayer onto a hydrophilic substrate [44, 50]. 

 

5.3.3 Spin coating, drop casting and dipcoating 

Spin-coating [67, 83] [84], solution drop casting [39, 67, 108] and dip coating [67] are popular ways of direct 

solution deposition. The basic working principle for all three is the same. By dropping or casting solutions to 

a certain rate of substrate, thin films can be obtained when the solvents evaporates.  In spin coating solution 

is deposited on a usually flat substrate and spun at a determined rate usually in the order of magnitude of 10
3 
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rpm [67]. For drop casting solution is deposited as a droplet on the substrate and solvent slowly evaporates. 

Dipcoating is described in detail in paragraph 2.2. 

All three techniques have the ability to generate continuous films. Drop casting leads to larger grains 

compared to spin- and dipcoating. When comparing films of the same thickness of 200 nm casted from 

0,5w% TIPS-pentacene in toluene it is found that drop casted films show the best degree of ordering 

followed by dipcoating and finally spin coating having the worst ordering as illustrated in Figure 126. A 

possible explanation is because a slower film formation speed is believed to facilitate growth of higher 

ordered films. Film formation speed is slowest for drop casting because more solvent has to evaporate [53, 

67].  

 

Figure 126 - XRD results for TIPS-pentacene film deposited from respectively spin-coating, dip 

coating and drop casting [67] 

In Table 15 an overview is given of the obtained results using TIPS-pentacene as the active layer material 

from various deposition techniques with different solvents and treatment, as documented in literature. For 

treating fibrous substrates dipcoating would be the most interesting technique as both spin coating and drop 

casting are impractical to apply to cylindrical shaped substrates. Furthermore dipcoating can be easily 

upscaled. Control of the film thickness is possible by adjusting withdrawal speed, solution viscosity and 

pentacene concentration. Although the only available reference using dipcoating was reported in Park et al. 

[67], the results of the other used techniques could be interesting for forming an idea about the expected 

performance depending on used solvent and treatment. Using dipcoating still reasonable field effect mobility 

in the order of 10
-1

 cm²/V.s was obtained. The shown concentrations where the best results obtained in a 

testing range of 0,2 - 3w%. It has been demonstrated for dipcoating with toluene the optimal concentration 

was 1w%.  

Additionally it is also mentioned that drying the fibres in a tilted position will help orientation of the TIPS-

pentacene crystals. Hanging the fibre in the primary fibre axis direction, which will be chosen as the channel 

direction, during drying should result in a higher field effect mobility [46].  

Table 15 - Overview TIPS-pentacene reported literature 

Solvent Conc. Mobility On-

off 

Method Special treatment Ref. 

 [w%] [cm²/V.s] - - - - 

Chloroform 1  10-4-10-5  102 Spincoating HMDS layer [83] 

THF  1 <0,1  NR Dropcasting HMDS layer [67] 

Toluene 1  0,2 – 1,8  108 Dropcasting HMDS layer [67] 

Toluene 1 10-2-10-3 102 Spincoating HMDS layer [83, 106] 

Toluene 1-2  0,17 105 Blade 

printing 

Annealing 2‘ at 90 °C  [105] 

Toluene 2 6,48.10-3 NR Drop casting Annealing 30‘ at  110 °C [74] 
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Toluene 2 0,02 106 Drop casting - [109] 

Toluene  1-2  1,2  NR Drop casting HMDS layer [108] 

Chlorobenzene 0,2  0,05-0,2  NR Spincoating  

(2000 rpm) 

HMDS layer [67] 

Chlorobenzene 1 0,1-0,6  NR Dipcoating HMDS layer [67] 

Chlorobenzene  1 10-1-10-2 103 Spincoating HMDS layer [83, 106] 

p-xylene  1 10-2-10-3 103 Spincoating HMDS layer [83, 106] 

1,2-Dichloro-

benzene 

1 0,401  NR Dropcasting Annealing 60 °C, crosslinked 

PVP 

[101] 

1,2-Dichloro-

benzene 

1 0,24 107 Ink-jet Substrate heated at 60 °C [68] 

1,2-Dichloro-

benzene 

1 0,07 

cm²/V.s 

NR Spin coated  

 

Room temperature drying 60‘ [84] 

Tetralin  4 – 8 2,08.10-2 105 Dropcasting crosslinked PVP [53] 

Toluene + 

25%Dodecane 

2  1,2.10-1 NR Dropcasting Tilted substrate [46] 

5.4 Experimental approach 

5.4.1  Solvent 

5.4.1.1 Used solvent 

It has been demonstrated that solvents having higher boiling resulted in a higher degree of orientation with a 

higher associated FET performance. Dodecane has been reported as minor solvent for TIPS-pentacene and is 

characterized by the highest boiling point [46]. Furthermore, due to its alkane structure, it is completely 

harmless for the polyimide dielectric layer [79] and it is relatively safe [114]. It has been reported that 

aromaticity of the solvent has an important effect on the solubility and orientation of the TIPS-pentacene 

film. The effect of using pure dodecane was therefore tested. 

Tetralin is another interesting solvent that was tested. It has been successfully used for drop casting from 

4w%-8w% solution [53] and furthermore it is an aromatic solvent with the highest reported boiling point.  

Finally toluene was tested as a solvent. The best field effect mobility has been obtained using toluene as a 

solvent and it is furthermore the only solvent that has been used for dipcoating TIPS-pentacene on a flat 

substrate [67]. 

Chlorinated solvents will not be taken into consideration due to environmental and health issues, which under 

no circumstances would be used in upscaling conditions. 

5.4.1.2 Stability of dielectric layer in the solvent 

The stability of the dielectric polyimide film was tested towards these solvents. For this reason copper coated 

samples have been coated from 12,5w% PI/NMP solution at 50 mm/min and dried in ambient conditions at a 

relative humidity of 30% and a temperature of 22,0 °C. The reason why these samples were used is because 

of their typical morphology effects of the solvent could be more clearly observed upon subsequent SEM 

analysis. Before the test the weight of the samples was accurately determined. Next, they were immersed 

during 20 minutes in the respective solvents and subsequently dried during 1 hour at a temperature of 60 °C. 

Subsequently the weight was again determined. It was concluded that the weight of all samples had remained 

stable. From visual evaluation it could be concluded that the sample in dodecane remained completely 

unaffected. The samples immersed in toluene and tetralin underwent a certain degree of swelling. As 
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illustrated in Figure 127 the SEM analysis did not reveal any noticeable changes after immersing the 

substrates in the various solvents.  

Furthermore 1 g of PI grains was deposited in each of the solvents and put on a magnetic stirrer for 24 hours. 

For dodecane the PI was not dissolved at all. For toluene and tetralin the PI grains underwent a certain degree 

of swelling, but they did not dissolve. 

From this it could be concluded the PI dielectric layer is stable enough to be used in combination with the 

chosen solvents. 

 

Figure 127 - SEM analysis of the dielectric layer coated from 12,5w% PI/NMP solution at 50 mm/min 

and dried under ambient conditions untreated (top left) and after immersion during 20 minutes in 

dodecane (top right), toluene (bottom left) and tetralin (bottom right) 

5.4.1.3 Wettability 

Wettability of the dielectric layer with the used solvent dodecane, toluene and tetralin was tested depending 

on the processing condition of the dielectric layer. Flat copper substrates of 25x50 mm were coated from 

12,5w% PI/NMP solution at 50 mm/min and from 15w% PI/DMF solution at 12,5mm/min. Of each, one 

sample was dried in ambient conditions at a RH of 30% and one was dried in the oven at low relative 

humidity. Hydrophilicity was also tested by deposition of a droplet of distilled water. The used needle for 

droplet deposition had a diameter of 0,3 mm. 

In Table 16 an overview is given of the wettability behaviour of these substrates with the respective used for 

TIPS-pentacene deposition. If the contact angle was lower than 10°, it was not measured and the wettability 

was evaluated as good. It could be observed that the hydrophilicity was higher for samples coated at higher 

relative humidity, but the wettability of the solvents was worse. This could be explained by the difference in 

roughness between the samples coated at different relative humidity. As described by Uelzen et al., if the 

roughness of smooth hydrophilic substrates is increased, the wetting will improve. The contrary effect is 

observed with smooth hydrophobic surfaces—by roughening, the contact angle will increase [115]. Due to 

the increased roughness when drying the PI layer in ambient conditions at higher relative humidity wetting 

with water will be improved, but at the same time the increased roughness causes the wettability by the more 

apolar solvents is decreased. 

It can be concluded that the wettability of the dielectric layer coated from both NMP or DMF that dried in 

ambient conditions is very good, with contact angles well below 10°.  
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Table 16 – Wettability of the dielectric layer processed under different conditions and from 

different solvent with the solvents used for TIPS-pentacene deposition 

 H2O C12 Tetralin Toluene 

DMF – 
HighRH 

 
57,76° 

 
21,97° 

 
14,18° 

 
Good  

DMF – 
LowRH 

 
69,26° 

 
Good 

 
Good 

 
Good 

NMP – 
HighRH 

 
62,91° 

 
34,9° 

 
40,03° 

 
Good 

NMP – 
LowRH 

 
84,56° 

 
Good 

 
Good 

 
Good 

 

  
5.4.1.4 TIPS-pentacene solubility 

The solubility of the TIPS-pentacene in these solvents had to be verified. Dodecane was examined first, 

which appeared the most interesting solvent due to its higher boiling point. A solution of 0,5; 1 and 2w% was 

made. It was immediately noticed that the TIPS-pentacene did not dissolve very well. For the 0,5w% and 

1w% it was possible to make a homogeneous solution after heating to 60 °C for 5 minutes and subsequently 

using an ultrasound bath during 30 minutes. For the 2w% no homogeneous solution could be made and small 

TIPS-pentacene particles remained visible. 

The solubility in both toluene and tetralin was significantly better. After mixing solute and solvent, shortly 

shaking was sufficient in order to obtain a homogeneous solution. All solutions had a dark blue colour.  

As TIPS-pentacene is very expensive and only 500 mg will be available for testing, special deposition 

holders have been made with a volume of 5 ml. In any case testing at very high concentrations is not 

considered an option to keep experimental costs reasonable. For toluene concentration of 0,5w%, 1w% and 

2w% have been made. For tetralin only a 1w% solution was made. 

5.4.1.5 TIPS-pentacene crystallization 

In order to examine what happened to the dissolved TIPS-pentacene if the respective solvent dried, glass 

plates were prepared and cleaned in a 1w% HCl solution. TIPS-pentacene was deposited from 1w% toluene 

solution, 1w% tetralin solution, 1w% dodecane solution, 2w% toluene solution and 2w% toluene mixed with 

25vol% dodecane solution. The solution was deposited using drop casting from a needle with diameter of 0,3 

mm. Drying was in ambient conditions and they were annealed in an oven at 60 °C. The used scale in the 

following pictures is in total 5 µm. 

From Figure 128 it can be observed that the obtained morphology depended very strongly on the used 

solvent. The 1w% toluene solution resulted in a spherulite like morphology. In tetralin the TIPS-pentacene 

formed nice longitudinal flat crystals. From dodecane also longitudinal crystals were formed, only the 

structure was more disturbed. The solution drop casted from 1w% toluene solution showed furthermore a 

large hole in the middle. This was due to the coffee stain effect where solvent diffuses to the edges during 

drying.  
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Figure 128 – Solution drop casted from 1w% TIPS-pentacene solution in toluene (left), tetralin 

(middle) and dodecane (right) 

In Figure 129 the concentration of TIPS-pentacene in the solution was increased to 2w%. In the left side of 

the image the solvent was pure toluene. The hole in the middle of the droplet after drying was no longer 

observed. Also the structure started to develop more longitudinal crystals. At the edges the crystals were 

thicker. The right side of the image illustrates what happened when as a solvent toluene was used with 

25vol% dodecane. In the middle the morphology seemed to have degraded in quality. At the edges however, 

much longer spike like crystals had formed compared to the 100% pure solvent. The occurrence of these 

longer crystals can be explained by Marangoni flow as described in paragraph 5.2.4.2. If these crystals could 

be oriented in the fibre direction, this would give a very good result towards field effect mobility.  

 

Figure 129 - Solution drop casted from 2w% TIPS-pentacene toluene solution at middle of droplet (top 

left) and at the edge (bottom left) and from 2w% TIPS-pentacene toluene solution with 25vol% 

dodecane at middle of droplet (top right) and edge (bottom right) 

It has been confirmed that the used solvent has a very significant effect on the obtained layer morphology and 

will be taken into consideration for further experiments.  
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5.4.2 Semiconductive layer application and characterization 

5.4.2.1 Top-contact electrodes and dipcoating 

In an initial stage of testing top-contact devices were made, because they would be ultimately more easily 

incorporated in textile structures using conductive crossing fibres to make the contacts. As a substrate 

coppercoated fibres of diameter 888 µm with a dielectric layer deposited from 15w% PI/DMF solution 

coated at a withdrawal rate of 75mm/min and dried at 60 °C were used. Electrodes were deposited using 

vacuum gold evaporation. The difficulty was in realizing a good masking method. A detailed description of 

attempted methods can be found in paragraph 6.4. For the first set of tests, masking using a paper with 

thickness of 100 µm was done. The TIPS-pentacene was deposited from the different solvents at different 

concentrations using dip-coating at different withdrawal rates. An overview of the dipcoating experiments is 

given in Table 17. As reported in Bae et al. [101] an annealing temperature of 60 °C for 1,2-dichlorobenzene 

to dry the solvent resulted in the best morphology and field effect mobility. Therefore all samples were 

standard dried at this temperature.  

 

Table 17 - Overview experiments top-contacted TIPS-pentacene deposition using dipcoating 

Solvent Concentration Speed Drying 

Dodecane 0,5 w% 50   mm/min Annealing 60 °C 

Dodecane 1,0 w% 50   mm/min Annealing 60 °C 

Dodecane 2,0 w% 50   mm/min Annealing 60 °C 

Toluene 1,0 w% 50   mm/min Annealing 60 °C 

Toluene 1,0 w% 100 mm/min Annealing 60 °C 

Toluene 2,0 w% 50   mm/min Annealing 60 °C 

Toluene 2,0 w% 100 mm/min Annealing 60 °C 

Tetralin 1,0 w% 50   mm/min Annealing 60 °C 

Tetralin 1,0 w% 100 mm/min Annealing 60 °C 

The morphology of the TIPS-pentacene layer was analysed with a SEM for the various conditions. The 

samples dipcoated from dodecane solution did not provide good results as can be seen in Figure 130. At 

0,5w% nothing could be observed and at 1w% only a few linear structures could be observed. At 2w% we 

could clearly observe a huge amount of TIPS-pentacene crystals that were totally randomly deposited on the 

fibre. This bad morphology was even observable with the naked eye and was due to the bad solubility of 

TIPS-pentacene in dodecane. Because solubility in toluene and tetralin was much better, it can be concluded 

that clearly solvents with an aromatic molecular structure are needed. Despite its high boiling point, 

dodecane should not be used as a pure solvent. As explained in paragraph 5.2.4.2 it can however be used as a 

minor solvent to enhance drying behaviour.    

 

Figure 130 - TIPS-pentacene layer deposited from dodecane solution at 1w% (left) and 2w% (right) at 

a withdrawal rate of 50 mm/min 
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TIPS-pentacene coated from 1w% toluene and tetralin solutions can be seen in Figure 131 and Figure 132 

respectively, both at a withdrawal rate of 50 and 100 mm/min. Compared to the 1w% solutions from 

dodecane it appeared that more TIPS-pentacene had been deposited and thicker channels in the direction of 

the fibre axis were formed. There was no significant difference noticeable between the samples coated at 

higher and lower speed. The layer coated from toluene looked more homogeneous. In the case of tetralin the 

channel anisotropy looked more pronounced, which could indicate a higher crystallinity due to the higher 

boiling point of this solvent giving the molecules more time to align during drying, which takes more time.  

Next a TIPS-pentacene solution of 2w% in toluene was prepared and fibres were coated at 50 and 100 

mm/min as illustrated in Figure 133 and Figure 134. In both cases it could be observed that the thickness 

appeared much higher, compared to the samples coated at only 1w%. Also a strong orientation towards the 

main fibre axis was observed. This orientation should have a very good effect for the field effect mobility as 

the direction of the channel is also oriented towards the main fibre axis. The most homogeneous film was 

obtained when coating at 100 mm/min.  

 

Figure 131 - TIPS-pentacene layer deposited from toluene solution at 1w% and withdrawal rate of 50 

mm/min (left) and 100 mm/min (right) 

 

Figure 132 - TIPS-pentacene layer deposited from tetralin solution at 1w% and withdrawal rate of 50 

mm/min (left) and 100 mm/min (right) 
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Figure 133 - TIPS-pentacene layer deposited from toluene solution at 2w% and withdrawal rate of 50 

mm/min  

 

Figure 134 - TIPS-pentacene layer deposited from toluene solution at 2w% and withdrawal rate of 100 

mm/min  

All combinations were tested for transistor properties using the set-up as described in paragraph 2.5.1.4. At 

the maximum voltages of -30 V for both VDS and VGS no current could be measured at a resolution of 100 nA 

for any of the samples. Based on images of the channel for using a paper mask (Figure 149) it could be 

observed that the channel length was very large, which would negatively affect the transistor performance. 

Consequently a way to reduce channel length needed to be developed. In the next tests fibre masks were 

applied using the device as illustrated in Figure 151. Fibre thickness was 150 µm and the channel length was 

reduced to 73,1 µm. 

Because the best morphological results were obtained with TIPS-pentacene coated from 2w% toluene 

solution at 100 mm/min this setting was used for testing the fibre with this reduced channel length. Again no 

measurable transistor effect could be observed. To have a more accurate measurement the device was tested 

at the set-up at the CMST and the results are shown in Figure 135. The gate voltage was sweeped from 0 to  

-100 V. It was confirmed that the gate leakage with the used dielectric layer was neglectable. The measured 

current between the drain and the source was constant over the entire range of VGS, so no transistor effect was 

observed. The increased current upon increasing VDS could be either attributed to the resistance of the 

semiconductive layer or channel leakage.  
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Figure 135 - I-V characteristic of TIPS-pentacene deposited from 2w% toluene solution at 100 

mm/min using top-contacted fibre masking with a resulting channel of 73,1 µm 

In Figure 136 the result of the FIB cross section of this sample that was dipcoated with TIPS-pentacene from 

2w% toluene solution is shown. From this result is was estimated that the thickness is close to 170 nm. In 

literature it was found that the thickness of a TIPS-pentacene film dropcasted from 0,5w% toluene solution 

was 200 nm [67] and 200 - 800 nm for a film drop casted from 4 - 8 w% tetralin solution [53]. As 

dropcasting generally leads to a larger film thickness the obtained value of 170 nm is definitely realistic.  

 

Figure 136 - FIB cross section of sample coated with TIPS-pentacene from 2w% toluene solution at 

100 mm/min 

5.4.2.2 Bottom-contact electrodes and dropcasting 

As described in paragraph 6.2 the main disadvantage of using a top-contact configuration is that the charges 

after injection at the source have to travel through the semiconductive layer to the interfacing conduction 

layer and subsequently travel again through the semiconductive layer in order to reach the drain contact. This 

way, the moving charges have to face the resistance of the semiconductor twice. It was believed that with a 

bottom-contact device, despite a smaller area for charge injection, the IDS should become measurable. The 

main problem with bottom-contact is that by using dipcoating the semiconductive layer would be on top of 

the gold electrodes, which would make it difficult to make contact with source and drain electrodes. Also 

there would be no longer wetting on top of the dielectric layer, but the wetting of the gold becomes limiting. 

To avoid the problem of making a good contact and to achieve a higher layer thickness it was attempted to 

use drop casting from 2w% toluene solution and 1w% tetralin solution.  
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When drop casting on a fibrous substrate, it was observed that the droplet rolls to the backside of the fibre if 

the fibre is put in a horizontal position. This was also observed when the droplets were deposition on places 

where there was no gold coating. This signifies that, although the wettability of the dielectric layer was good 

when testing on a flat substrate, it is much worse on a cylindrical substrate. As the channel is only on one 

side of the fibre using the masking approach like in Figure 151, the solution was to put the fibre in such a 

position during electrode evaporation, so that the gold contacts are also on the underside of the fibre. Drops 

were deposited from a needle with 0,3mm diameter and the droplets dried in ambient, because they could not 

be moved to an oven without moving the droplets.  

In Figure 137 the result of drop-casting from 2w% toluene is illustrated. The layer is completely 

inhomogeneous and the adhesion with the gold layer is visually very poor. There is no good semiconductive 

layer across the mask. No effect could be measured using the transistor set-up with 100nA accuracy. Because 

of the impractical working with drop casting this approach was no longer considered a good option.  

 

Figure 137 - Drop casting TIPS-pentacene from 2w% toluene solution on bottom-contact gold 

electrodes with a very poor morphology 

In order to increase capacitance of the dielectric layer, it was attempted to reduce the thickness of the 

isolating film by using fibres coated from 15w% DMF solution at a withdrawal rate of 50 mm/min instead of 

75 mm/min. Again the fibres were drop casted from 1w% tetralin and 2w% toluene solution. Still no effect 

could be measured. It was chosen however for the next tests to keep on working with the reduced thickness. 

Next it was tried to immerse the coated fibres during 1 minute in pure ethanol as suggested in paragraph 

5.2.4.7 after which the ethanol was dried off in an oven of 60 °C during 60 minutes. Unfortunately no 

improvement was observed during measurement of the transistor behaviour.  

Finally a 2w% TIPS-pentacene solution based on toluene containing 25vol% of dodecane as minor solvent 

was prepared to induce Marangoni flows. The dropcasted film did not show a good morphology and the 

orientation of the observed crystals could not be tailored in the channel direction.  

5.4.2.3 Top-contact electrodes and dropcasting 

In a final attempt to deposit the semiconductive layer again a top-contact approach was used, but this time 

using drop casting. The reason for this is that the wetting of the dielectric layer should be better compared to 

the gold electrodes. Furthermore this way it was possible to position the masking fibre exactly at the point 

where the best semiconductive layer had formed after dropcasting and drying. Nevertheless the same effect 

as on the gold electrodes was observed: when depositing a droplet on the fibre it immediately rolled to the 

bottom side where it gradually dried.  

Corona treatment of the fibres was conducted at Centexbel. It was observed that the wettability of the 

dielectric layer was significantly improved by the corona treatment as can be seen from Figure 138. 

Subsequently the TIPS-pentacene was deposited using drop casting from 2w% toluene solution, 1w% tetralin 

solution and 2w% toluene solution containing 25vol% dodecane. A relatively good semiconductive layer was 

formed on the dielectric surface. When trying to fix the masking device however it turned out the 

semiconductive layer was very brittle and was easily removed. Therefore gold electrodes could not be 

applied and it was impossible to test the transistor behaviour.  
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Figure 138 - Wettability of dielectric layer before (left) and after (right) corona treatment 

 

5.5 Conclusion 
TIPS-pentacene was chosen as an ideal candidate for solution deposition of the semiconductive layer. 

Dodecane, tetralin and toluene were investigated solvents. Dodecane has been demonstrated to be a bad 

solvent for TIPS-pentacene. Toluene and tetralin could be used. The morphology of a semiconductive layer 

on a flat glass substrate has shown to depend strongly on the used solvent. The morphology was not 

homogeneous over the entire droplet using pure solvent, due to a phenomenon generally known as the coffee 

stain effect. This was improved using the combination of toluene and dodecane, although the overall 

morphology was still not homogeneous. The different solvents showed a good wettability on the PI dielectric 

layers that had been dried at 60 °C in low relative humidity conditions. The wettability was better compared 

to that of PI dielectric layers that dried at high relative humidity and underwent a vapour induced phase 

separation associated with an increased roughness. 

Dipcoating using top-contact configuration has been tested. A thin layer had been deposited that could be 

observed using SEM analysis. Thickness was estimated around 170 nm using focussed ion beam analysis. 

The best morphology was obtained when coating from 2w% TIPS-pentacene/toluene solution at 100 

mm/min.  A channel was deposited with a channel length of 73,1 µm using a 150 µm masking fibre as 

explained in 6.4. No transistor behaviour could be observed. 

Another approach was to use a bottom-contact configuration using drop casting to apply the semiconductive 

layer. The resulting morphology was very poor and no transistor effect could be measured. Also it was 

observed wettability on the dielectric layer on a fibrous substrate was not good.  

In a final attempt top-contact configuration was used, but in combination with drop casting. The wettability 

of the dielectric layer was strongly improved using corona treatment. By drop casting TIPS-pentacene 

solution on the dielectric layer and subsequent drying, the channel could be positioned much more 

accurately. This could be done by placing the masking fibre at the region where the best semiconductive 

layer had formed. The layer was however very badly adhered and peeled off during mask application.  

It can be concluded at this point of the research the deposition of the semiconductive layer is the most 

significant bottleneck in the development of a solution processable fibrous transistor. 
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Chapter 6 Source drain electrodes 

6.1 Introduction 
The quality of the metal-semiconductor contacts is a key factor that influences the final transistor behaviour. 

A bad interface results in a high energy barrier for hole injection. In turn this reflects in a resistive component 

in series with the channel, decreasing the effective voltage across the channel. In some cases the resistance 

can reach values in the order of several mega ohms, drastically influencing the value of IDS [30]. 

To achieve a good performance, charge injection from the electrode needs to be efficient. The work function 

of the electrode should match well with the energy level of the organic semiconductor, such that the energy 

barrier for charge injection is low. A work function is defined as the energy difference between the vacuum 

level Evac of the film and the Fermi level Ef [52]. The work function for pentacene is reported as 5,07eV and 

for TIPS-pentacene 5,3eV [84, 116]. 

In Table 18 an overview is given of the work functions of metals that could be used as gate electrodes. It has 

to be mentioned that depending on the pureness and conditions at the interface, the value of the work 

function can differ. For practical reasons the vast majority of OTFTs have contact electrodes made of gold. 

The high work function of atomically clean gold matches most of the p-channel organic semiconductors 

highest occupied molecule orbital (HOMO) level. This allows gold to make an ohmic contact with the TIPS-

pentacene active layer. The work function of gold can be further tuned by using self-assembled monolayers 

as displayed in Figure 139 [52]. The effect of these SAMs on the hydrophilicity is also mentioned in this 

figure. In case metals with a lower work function, such as silver, are used in combination with TIPS-

pentacene the resistance towards charge injection will be higher [52]. 

 

Table 18 - Work function of different metals used for electrode deposition 

Metal Work function [eV] Ref. 

Aluminium 4,08 [117] 

Carbon 4,81  [117] 

Copper 4,7  [117] 

Atomic gold 5,2 +/-0,02  [117] 

Gold 4,75 - 5,1 [52],[84]  

Iron 4,5  [117] 

Nickel 5,01 [117] 

Platinum 6,35 [117] 

Silver 4,3 - 4,73  [84],[117] 

F4TCNQ deposited on silver 5,15    [116] 

Indium Tin Oxide 4,7   [118] 
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Figure 139 - Work function and corresponding hydrophilicity of Au/SAM for different used molecules 

[52] 

6.2 Electrode configuration 
Top-contact devices have been reported to have superior performance for certain organic semiconductors 

compared with their bottom-contact counterparts. It has been suggested that this is a result of reduced contact 

resistance between the electrode and the organic layer because of an increased area for charge injection [39]. 

On the other hand, when applying the source and drain electrodes as a final step this holds a certain risk of 

contaminating the semiconductive layer. Furthermore it is easier to apply electrodes on an isolating layer 

[29]. Both configurations have been successfully used, as described in literature [28, 42, 51, 53, 108]. 

Top-contact devices have another advantage when used in combination with textile structures. Masking of 

the circuit can be done by pattern weaving and it will be easier to make contact with other conductive wires 

in an electrical woven circuit [28].  

There is, however, another difference to be taken into consideration. As the conduction channel will be 

formed at the interface between the organic semiconductor and the dielectric layer, in case of a top-contact 

configuration charges will have to travel twice across the organic layer in order to travel from source to drain 

(Figure 140 left). This could limit the operation of the transistor. In case of bottom-contact OTFT, 

source/drain electrodes are adjacent to the channel at the interface between organic active layer and dielectric 

(Figure 140 right). This is an advantageous situation for charge injection and will have a positive effect on 

charge transport.  

 

Figure 140 - Top-contact and bottom-contact OTFT architecture [39, 48]  

As mentioned before, the area for charge injection for top-contact OTFTs is larger, but they have to 

overcome the semiconductor resistance.  It has been reported [80] that when the thickness of the Au electrode 

in a bottom-contact OTFT increased, the carrier injection decreased, although the area of the side increased. 

This indicates that the carrier injection through the top of the electrode is mainly dependent on the resistance 

between the accumulation channel and the top of the electrode. In the same report it was shown that when the 

thickness is constant, varying the area of charge injection from the sides resulted also in a decrease of carrier 

injection. In Figure 141 a schematic model is shown of charge injection of a bottom-contacted OTFT device, 
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where injection occurs both from the side and the top. Furthermore the highest reported field effect mobility 

was realised on a bottom-contact device architecture [67]. 

 

Figure 141 - Schematic of the carrier injection path in the bottom-contact OTFT structure [80] 

Top-contact configuration normally should work for the transistor architecture like in Figure 142. However 

in the case of the fibrous transistor the gate layer extends across the entire length of the dielectric layer. This 

way, in a top-contact configuration, also all mobile charge carriers between the source/drain electrodes and 

the dielectric layer will be attracted to dielectric layer. There will be almost no mobile charge carriers left to 

bridge the distance through the semiconductive layer.  

The drain, source, and gate electrodes need to be patterned with the required size, depending on the 

application. Typically, the smaller the distance between the drain and source electrode (channel length L) and 

the higher the channel width (W), the higher the current output and the faster the transistor switching speed. 

Important to be taken into account for patterning is the cylindrical shape of the fibres. 

One possibility is a transverse electrode configuration, as illustrated by Figure 143-1. This configuration 

holds some limitation for the W/L ratio. W is limited to the fibre circumference [28] and L by the accuracy of 

the patterning capability for the source and drain electrodes. W will be limited from 50 µm to 1500 µm. L 

will usually lie between 10 and 500 µm. The current IDS will depend on W and it is not considered reasonable 

to alter W for each level of required current. W is therefore a crucial parameter for the designer. [55] 

Fortunately some flexibility exists. As an alternative it is possible to change the orientation of the electrodes 

making the electrodes longitudinal to the fibre (Figure 143-2). This way W can be tailored from a few 

micrometers to several millimetres. One of the difficulties will be to control the channel length in a constant 

way along the electrodes. 

A third configuration which can be very convenient in this field is the spiral configuration (Figure 143-3). 

This holds a better and more flexible control of both W and L. The channel length L is determined by the 

helicoidally step. Spiral systems can be obtained by a classical textile technique using two secondary metallic 

fibres as source and drain electrodes [55]. 

 

Figure 143 - The electrode configuration on the fibrous transistor can be either transverse (1), 

longitudinal (2) or spiral (3) [55] 

 

Table 19 - Typical values of W/L for FET with TIPS-pentacene 

L W W/L ratio Material Ref 

20 72 4 Gold [42] 
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100 4000 40 PEDOT gold +gold [30] 

20 500 25 Gold [74] 

25 300 12 Gold [110] 

33 1000 30 Gold [84] 

6 236 39 Gold [85] 

50 2000 40 Gold, 80 nm [101] 

22 340 15 Gold + PFBT pretreated 

with, bottom-contact 

[105] 

6.3 Electrode deposition 

6.3.1 Vacuum deposition 

A traditional, but also more expensive technology is the direct application of electrodes by means of 

sputtering or metallic evaporation in vacuum conditions. Thermal evaporation takes place under vacuum 

conditions because this requires less energy and results in a higher degree of purity. The localization can be 

done by using a mechanical mask. The critical point is to control the gap between the electrodes as this 

distance directly influences the transistor properties [29]. 

Different ways exist for patterning the source and drain contacts. A crossing wire can be used as a shadow 

mask during evaporation, as illustrated in Figure 22 in paragraph 1.4.4. This way the channel length has 

about the same dimensions as the diameter of the crossing wire, but a good control of dimensions is not 

possible [56]. This approach is generally known as weave patterning, where masking fibres are used to 

determine the position of source and drain or in general the position of the transistors in case an array is 

produced. Both masking and interconnect fibres would be woven into the cloth. The interconnect fibres 

should allow penetration of the contact material, while the masking fibres should block the deposition of the 

material.  This can be achieved by adjusting the weaving process, the relative tension of the fibres, the 

physical properties of the fibres (size and porosity) in relation to the method of contact material application. 

A channel length of 50 - 300 µm can easily be achieved [42, 119]. Based on the experimental observations 

during this thesis, a careful approach considering this masking method is needed. Using only a masking fibre 

on the top of the substrate fibres, still allows gold to penetrate under the masking fibres and result in high 

source-drain leakage under the channel. A close fit between the masking and target fibre is required.  

Another possibility for masking is by means of a polymer foil with a well defined thickness that will 

correspond to the channel length. A Thickness between 50 and 300 µm can be achieved. Using UV rays 

several holes with a diameter +/-10 nm larger than the fibre diameter can be made. It is also possible to use 

multiple foils next to each other in order to form an array of transistors on the fibre. This technique so far has 

only been used for development of transistors on flat ribbons [34, 119]. As illustrated in Figure 144 channel 

length of approximately 100 µm could be achieved. 

 

Figure 144 - Gold electrodes deposited on flat tapes using combination of  polymer film lithography 

and UV rays [34]  
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Gold electrodes have been successfully used in combination with a TIPS-pentacene active layer. They were 

evaporated through a shadow mask to minimize contact resistance between the TIPS-pentacene film and the 

Au electrodes to create an efficient carrier injection. Thickness of the electrodes is typically between 80 and 

300 nm [28, 42, 101, 106, 110]. Reported deposition rates are between 0,5 and 1,0 Å/s at a pressure of 3.10
-6

 

[84]. 

6.3.2 Soft lithography 

Another approach is using soft lithographic process for transferring a thin layer of conductive polymer such 

as PEDOT:PSS. Soft lithography refers to a family of techniques for fabricating or replicating structures 

using elastomeric stamps, molds, and conformable photomasks. It is called "soft" because it uses elastomeric 

materials such as PDMS (Polydimethylsiloxane) or fluorosilicone.  

First the stamp has to be made. This procure is illustrated in Figure 145. The process starts by etching a 

desired pattern onto a substrate (usually silicon). Next, the stamp is created by pouring a degassed resin on 

top of the etched wafer (usually PDMS). Finally a stamp contoured to the pattern is acquired after removing 

the cured resin from the substrate. Subsequently, the stamp is ―inked‖ by placing it in a bath of inking 

solution for a short period of time (Figure 146a). The ink molecules then diffuse onto the stamp (Figure 

146b). The inked stamp is brought in contact with the substrate for a certain length of time, allowing ink 

molecules to transfer onto the substrate surface. The stamp is removed, leaving the desired single-molecule 

thick pattern on the substrate (Figure 146c) [120]. 

 

Figure 145 - Procedure for making soft lithography stamp 

 

Figure 146 - Procedure for applying ink using soft lithography 

This technique is an innovative and low-cost technology which has several inherent advantages. It has a 

lower cost than traditional photolithography in mass production. Most interesting for our field of application 

is that it is well-suited for applications involving large or non-planar surfaces. By rotating the yarn on the 

stamp surface it is possible to deposit contacts on the whole surface of the yarn. It allows to exploit the 

favourable mechanical properties of conductive polymers as contacts and to easily make a whole set of 

contacts along the wire length at the same time [29, 39, 56]. 

6.3.3 Optical lithography 

Optical lithography is a conventional technique used for patterning. It uses light to transfer a geometric 

pattern from a photo mask to a light-sensitive chemical photo resist, or simply "resist," on the substrate. A 

series of chemical treatments then engraves the exposure pattern into the material underneath the photo resist. 

http://en.wikipedia.org/wiki/Resin
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Both metal and conducting polymer electrodes can be fabricated using standard photolithography followed 

by lift-off. Conducting polymers can also be patterned by light exposure to change their conductivity without 

having to remove the polymer in the channel region. Although optical patterning can achieve 100 nm 

resolution, it is a relative expensive process [39]. 

 

6.3.4 Ink jet printing 

Solution processable electrode materials are desirable for low cost production. The ink-jet printing process 

for electrodes enables a further reduction in costs because it uses the direct-writing method, enabling self-

patterning without any masks. This way patterning and deposition can be carried out in one single step. The 

process is similar to conventional ink-jet printing, but uses specially formulated inks. Inks of Au or Ag 

nanoparticles that can be cured below 200 °C to be compatible with low cost plastic substrates have been 

developed. Also carbon nanotube dispersion and conducting polymer solutions, such as PEDOT:PSS are 

among promising electrode candidates [51, 56]. Printing of silver ink from a metal-organic precursor type has 

been successfully applied in combination with TIPS-pentacene [84]. 

The achieved resolution is on the order of 25 µm without surface mediation and can be improved up to 200 

nm using hydrophobic dewetting agents.  However some difficulties would be expected trying to apply this 

technique on a cylindrical substrate [51]. 

6.4 Experimental approach 

Gold was chosen as the electrode material because of its well corresponding work function with that of TIPS-

pentacene. Due to practical considerations it was chosen to use a transverse configuration of the electrodes. 

Both top- and bottom-contact configurations have been tested, which in practice means depositing the 

electrodes on the active layer or directly on the dielectric layer respectively. The used dielectric layer was 

coated from 15w% PI/DMF solution at a withdrawal rate of 75mm/min and dried in the oven at 60 °C. 

Electrodes will be applied using the vacuum gold evaporator as described in paragraph 2.3. Although vacuum 

deposition is not preferred for upscalability, this technique was ready available at the department of Solid 

State Sciences. Once a working transistor would have been realised further research could focus on an 

alternative, cheaper and more upscalable methods for applying the source and drain electrodes.  

A first attempt of making a mechanical mask was by means of  patterning with masking polyester fibres, 

inspired by the weave pattern masking fibres used by Lee et al. [28]. A special device was made as illustrated 

in Figure 147. The fibres could be fixed between the two plates. In the middle 1 cm of space was left open for 

deposition of the gold contacts. At 0,5 cm from both edges, holes were made for applying two sewing 

needles, which acted as guides for the masking fibre. Finally, two butterfly screws were applied to put 

tension on the masking wire. This was to ensure a close fit between the masking fibres and the substrate 

polyester fibres in order to prevent gold to be deposited under the masking fibre. First idea was that the 

masking fibre would be twisted around the substrate fibres. This was not a good idea, because it would 

require the mask to be twisted around every completely over 180° to cover the entire circumference.  It 

turned out to be very unpractical to apply a masking wire without knotting. Furthermore the knot should be 

below the fibre, as it has an irregular shape, which would be undesired for the channel. It turned out very 

difficult to position the knot correctly. 
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Figure 147 - Device built to facilitate masking with polyester fibres made from PVC plates. Between 

two PVC plates screws (1) are provides to fix the substrate transistor fibres. Needles (1) are used to 

guide the masking fibres. They are fixed to butterfly screws (3) that can be turned to provide right 

amount of tension 

As a consequence the knots were attempted to be made directly on the fibre. The fibre with the knot was 

positioned on a flat substrate and the knot was turned to be underneath the fibre. This method resulted in 

some cases in an isolating channel, although the minimal thickness of masking fibres to have a satisfying 

result was 150 µm. It is a very impractical way of handling, which can cause a lot of damage on the top layer 

during application of the masking fibre. Furthermore it was difficult to put any pressure on the masking fibre. 

The reason why this pressure is required is illustrated in Figure 152 (left). When a masking fibre is used, only 

an isolating channel is made at the point where the two fibres make a close contact. If no pressure is applied 

this channel would be only at one point or the contact between the substrate and the mask could be even 

missing in some parts, resulting in deposition of gold under the mask. In that case no isolating channel will 

be formed. In case there is pressure applied the mask and substrate fibre deform a little bit. The channel 

width will be smaller than the diameter of the fibre, because depending on the contact pressure a small 

deformation of the masking and substrate fibre causes only a small fraction to be inaccessible for the gold 

vapour (Figure 152 right). This approach did not work well. 

Another described technique, as mentioned in paragraph 6.3.1, is using a film with the desired thickness of 

the channel and making a hole in it. The problem with the cylindrical fibre is that the hole should be very 

exact to avoid any deposition of gold under the mask. During the application of the fibre it is unavoidable to 

have some damage to the underlying layer caused by friction with the sides of the mask. This friction could 

also cause the hole to enlarge causing more conductive material to be deposited under the mask. To ensure a 

closer contact a hole which was slightly smaller than the fibre was made. This way the film will deform a 

little bit around the material forming a close mask slightly larger than the thickness of the film. The used 

materials were a plastic film of 80 µm, a plastic film of 180 µm and paper of thickness 100 µm. By folding 

the film at the point where the fibre has to be put, making a hole through the film slightly smaller than the 

fibre, removing the excess material and putting the fibre through the hole, it was possible to make isolating 

channels. The gold coated samples resulting from this procedure are illustrated in Figure 148. The masks on 

top of the samples are to avoid leakage caused by edge effects at the extremities of the PI layer. The large 

mask in the middle of the samples covers the part where the dielectric layer ends. On both sides of the paper 

shadow mask the two electrodes that will act as source and drain are formed. 



 

 

112 

 

 

Figure 148 - Masking of the fibres on top and at the bottom of substrate and channel mask made with 

paper of a thickness of 100 µm 

Coated samples that were masked with the different materials were analysed with the SEM. The results are 

illustrated in Figure 149. The two images on the top represent the channel formed from the 80 µm film. A 

channel in the order of 100 µm is formed, but it is not at all smooth and furthermore there is a large amount 

of damage caused on the fibre top layer. In a top-contact device this is layer is the semiconductive layer. This 

kind of damage definitely is unacceptable. For the 180 µm the damage was far less pronounced. It was also 

easier to put the samples through the hole. The channel width is close to the film thickness. However 

reproducibility of forming an isolating layer was quite low. Usually at some point there was a bad sealing of 

the film around the fibre and gold was deposited under the mask. Finally using paper appeared to give the 

best results in terms of forming an isolating channel. The paper always deformed closely and easily around 

the fibre without causing too much damage. The channel was however much thicker and had an irregular 

shape, as can be seen for the bottom right image in Figure 149. 

 

Figure 149 - Channel made from 80 µm plastic film (top left) causes a lot of damage to the top layer 

(top right). A channel from 180 µm plastic caused far less damage, but was not always reproducible 

(bottom left). Channel made from paper had an irregular shape and was rather thick (bottom right) 
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Further, it was investigated to make a hole in a metal plate of 100 µm thickness with a diameter of 1mm. This 

was the smallest possible to be done with a regular drill. As expected the hole was too large, causing gold to 

be deposited under the mask resulting in leakage. Attempts to further reduce the size of the hole were not 

taken into consideration, because the metal causes serious damage to the subsequent layers as illustrate in 

Figure 150.  

 

 

Figure 150 - Channel layer made from 100 µm metal plate mask causing severe damage to the 

underlying layer. 

Another approach was needed. Because fibre masking would be an interesting approach in combination with 

textile processes, a way of ensuring a close contact with a masking fibre under a certain pressure without 

damaging the underlying layers too much was investigated.  

A possible solution for this problem is illustrated in Figure 151. A metal plate with a thickness of 100 µm 

was used (1) and a rectangular hole of 600 µm and 1,5cm long was cut using laser ablation (3). Now it was 

possible to fix a masking fibre on the underside of the metal plate. In this case, the used masking fibre had a 

diameter of 80 µm (2). The advantage is that now the substrate fibre (5) with a diameter of 888 µm could be 

put on the underside of the metal plate in close contact with the masking fibre. Because the width of the hole 

is smaller than the diameter of the fibre, the fibre can stick out of the hole, but cannot be pushed through. A 

small part of the substrate will stick through the metal plate. The length of the part sticking out will be 612 

µm with θ being 19,72° (6). This part will be exposed to the gold evaporation and will determine the width of 

the source and drain contacts. The masking wire will be put in the middle of the rectangular opening. 

Therefore the size of the electrodes should be approximately 7,5 mm to allow making easy contact for 

subsequently testing leak current and transistor properties.  

In this case paper clips (4) were used to put a certain pressure over the metal plate to make a close contact 

between the substrate and masking fibre allowing a channel to be formed. The width of the channel using 

masking fibres of 80 µm and 150 µm was respectively 28,2 µm (Figure 152 top right) and 73,1 µm (Figure 

152 bottom right). The channel width is smaller than the diameter of the fibre, because depending on the 

contact pressure, a small deformation of the masking and substrate fibre causes only a small fraction to be 

inaccessible for the gold vapour, especially when using fibres with a relatively high rigidity. With a channel 

width of 612 µm this leads to a W/L ratio of 8,3 - 21,7, which is given the values in Table 19 a reasonably 

realistic result.  

Bottle necks in this approach are first of all that it is a quite slow process to apply the mask and definitely not 

upscalable. Furthermore the substrate should be very straight and has to be positioned precisely under the 

rectangular opening. Tiny deviations will allow gold to penetrate under the mask and can give rise to channel 

leakage. This can be solved by scratching away the gold on the sides afterwards, but this is not an ideal 

approach. At the place where the fibre makes contact with the masking fibre there is also a small opening 

between the metal mask and the masking fibre. Through this opening also gold can penetrate and deposit on 

the fibre underneath. To solve this problem, it would be better to make two small openings in the metal mask 

at the position of the masking fibre to ensure a closer fit. For now this problem had been addressed by 
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placing a piece of paper between the masking fibre and the substrate material at the edge of the hole cut in 

the metal mask. In general the reproducibility of obtaining an isolating mask was higher when using a 150µm 

masking fibre. 

 

Figure 151 - Channel masking method using a metal plate of thickness 100 µm (1) using a masking 

fibre (2) over an exposure opening with width of 600 µm (3) ensuring close contact the substrate fibre 

(5) using paper clips (4) and a schematic representation of the cross section (6) 

 

 

Figure 152 - Schematic representation of top view cross section of masking with shadow fibre and 

substrate (left). Resulting channel from masking with fibre of 80 µm with a channel width of 28,2 µm 

(top right) and with a fibre of 150 µm with a channel mask of 73,1 µm (bottom right) 

6.5 Conclusion 

Pure gold has been identified as the ideal material for source and drain electrodes in contact with TIPS-

pentacene because of its well corresponding work function. Deposition of electrodes was done using vacuum 

evaporation. The most difficult part was the masking of the channel layer. Finally a method has been 

developed based on fibre shadow masking. This resulted in a minimal channel length of 28,2 µm which was 

achieved by using masking fibres of 80 µm and a channel length of 73,2 when using a 150 µm masking fibre. 

Some problems with leakage through the sides still exist, so optimisation of the process will be required. The 

latter resulted in the best reproducibility.  
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Chapter 7 Further research 

7.1 Gate layer 

For the polypyrrole layer a reproductive result has been obtained and the process is well understood. It would 

be interesting to investigate how the curing temperature would affect the morphology of the obtained layer. 

Also it could be quantified how the polypyrrole layer improves the morphology of the substrate fibre 

For copper the effect of the pH on the reaction speed could be investigated by in situ measurements of the 

concentration of the reactants in the solution using UV spectroscopy. Also the effect on the morphology, 

grain size and the conductivity of the layer could be confirmed. Furthermore ideal reaction time is to be 

determined to have minimal risk of delamination with maximum conductivity.  

From cross sections it seems copper forms a hybrid layer with the polypyrrole. This effect could be closer 

examined in order to better understand the structure of the copper film. Also the exact reason why resistivity 

is about 6,5.10
-7

 Ω.m, which is about 40 times lower than the value of pure copper, is to be determined. 

Finally some additional work could be done how to obtain a more uniform layer thickness across the 

circumference and length of the fibre of both the polypyrrole and copper layer. 

Finally it could be investigated what is the effect of the reaction temperature during copper deposition and 

how the annealing temperature affects the copper layer morphology. 

7.2 Dielectric layer 

Development of a good dielectric layer is clearly a difficult component in realization of a good transistor. A 

lot of improvement has been made, but still some questions have to be answered. 

Working in dry conditions ensures a dense, transparent film with good morphology when coating the PI layer 

from both NMP and DMF. Exact concentration of water in atmosphere or relative humidity should be 

determined to trigger vapour induced phase separation and this value is expected to be around 25% for NMP 

at room temperature.  

Some questions remain about constancy of the thickness under dipcoating conditions. Furthermore the ideal 

combination of temperature, humidity, solvent, polymer concentration and withdrawal speed has to be further 

investigated to ensure a minimal thickness with maximum capacitance while minimizing leak current. Also it 

should be closer investigated why at higher dipcoating speed the leak current starts to increase again.  

For the determination of the dielectric constant, thickness measurements on the copper plates with 

profilometry were not very accurate. Also only one combination of withdrawal speed and concentration was 

tested for both solvents. Further research will be required to determine more accurately the dielectric constant 

of the PI layer in function of processing conditions and solvent. It would be interesting to know more in 

detail the effect of the solvents and ambient conditions on the morphology and crystallinity and how they 

affect the dielectric constant and layer capacitance. 

Finally it should be tested how the dielectric layer behaves when deposited on substrates with a higher 

curvature to increase flexibility of aimed transistor fibre. Eventually other solvent or soluble highly dielectric 

polymeric materials could be examined compared to use of polyimide deposited from NMP or DMF solution. 

Alternative choices of dielectric material, such as PVP could also be examined. Careful choice of dielectric 

material will most likely be the most crucial step in further optimization of these devices. The challenge is to 

find a material that can form very thin pin-hole-free layers on relatively rough surfaces and withstand 

significant flexion stress. 

7.3 Semiconductive layer 
Deposition of the semiconductive layer is a bottleneck in the development of a solution processable fibrous 

transistor. Many ways exists in order to improve the morphology of the deposited semiconductive layer. 

The properties of the used substrate material will have a significant impact on semiconductive film 

morphology and adhesion and indirectly on the final FET performance.  The effect of using different 

substrate materials coated with a dielectric layer under different conditions and with different solvents could 

be investigated. Also the effect of the fibre diameter should be taken into consideration. Substrate treatment 
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is a very important path to improve the semiconductive layer morphology. Corona treatment has shown to 

strongly enhance wettability. It could also be investigated how the deposition of SAMs such as HMDS on the 

PI dielectric layer improves the finally obtained TIPS-pentacene morphology. Initially it could be tried to 

return to the flat polyester ribbons, because wetting on a flat substrate is better. Once working transistor has 

been obtained on the flat ribbons it will be easier to transfer this to a cylindrical substrate. 

Because of its easy processability dipcoating would still be a very interesting way of semiconductive layer 

application. Increasing the concentration of TIPS-pentacene in the aromatic solvents toluene and tetralin 

should result in more deposited active material a form a better channel. Also the viscosity of the deposition 

solution could be increased using PS. Although impurities are not desired for the crystallinity of the 

semiconductive layer, this should still result in a working TIPS-pentacene semiconductive layer as indicated 

by Anthony et al. [104]. 

Drop casting is definitely not a practical approach to be used on cylindrical fibres and was only attempted, so 

far unsuccessfully, to increase the semiconductive layer thickness in order to point out the working principle 

of the transistor. Ink-jet printing is a very promising technique and has been successfully used in combination 

with TIPS-pentacene on a flat substrate [68]. There has been a conversation with Jonas Feys at the 

department of Inorganic and Physical chemistry considering this approach. Jonas Feys is a PhD student in the 

printing process of ceramic materials from aqueous solutions using ink-jet printing. Using their set-up it 

should be possible to print the semiconductive layer, but this will require printing heads that are resistant 

against aggressive solvents like toluene and tetralin. 

Aftertreatment by immersing the solvent in pure ethanol for 5 seconds has been suggested as a method to 

strongly improve the orientation [112] and should definitely be further investigated once a working transistor 

has been established. Also the ambient conditions during solvent evaporation and the temperature during the 

annealing step are important parameters that should be taken into consideration during further experiments. 

Finally it is important to mention different organic semiconductive materials could be taken into 

consideration. Especially RR P3HT is a promising candidate as a polymeric semiconductor, because it will 

have a higher viscosity. This would be beneficial during dipcoating.  

The deposition of the semiconductive layer at this point of the research the most critical part.   

7.4 Source and drain 

In further research concerning the drain and source electrodes the current used technique still needs some 

optimization. Especially at the point where the metal mask and the masking fibre overlap there is still some 

leakage. Also this way the electrode width is only 612 µm, while the whole circumference is almost 2800 

µm. This holds a large potential for an improvement of the W/L ratio.  

A larger W/L ratio is definitely one of the requirements to enhance any obtained transistor effect. Using 

different configuration of the electrodes, for instance in a longitudinal direction is another important 

approach to be investigated.  

In any case towards further development of the transistor fibre a totally different, more upscalable technique 

would be required. For this ink-jet printing seems to be a very interesting candidate. It can be processed from 

solution, it can be used for fibrous substrates and it doesn‘t require an expensive and time consuming 

masking. Furthermore with a resolution of 25 µm it would be very suitable for deposition of the source and 

drain electrodes in which the channel length can be tailored very precisely. Development of a conductive ink 

that can be ink-jet printed and that has a working function which corresponds well to that of TIPS-pentacene 

will still be an interesting challenge. 

7.5 General  

To further optimize this process, many materials issues must be considered. The bulk of the work in 

producing a viable fibre transistor technology will undoubtedly lie in materials development. Once a 

transistor would have been realized it is important to look at the mechanical behaviour in terms of flexibility 

and towards the stability. Textiles in general have to withstand harsh conditions such as humidity due to rain 

or sweat, exposure to UV radiation, washing and constant flexing. Successful applications of transistors in 

our everyday life will depend on the ability of the transistor fibres to fulfil these requirements. In these terms 

it will be crucial to investigate how the fibre diameter will affect the dielectric and semiconductive layers.  
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For organic devices, encapsulation may be necessary in order to improve stability; especially the vulnerable 

semiconductive layer will require additional protection. Successful stabilization of organic devices has been 

demonstrated using barrier layers. In the case of wearable e-textiles, encapsulation may also be important for 

safety concerns, in order to insulate wearers from electrical signals within the e-textile. Furthermore, 

localized encapsulation could provide mechanical support, transferring flexion stress from areas with active 

devices to neighbouring areas. As reported by Feili et al. [121] parylene C, which can be evaporated at room 

temperature,  is a good candidate for encapsulation. It protects underlying layers against O2 molecules and 

UV radiation and it has furthermore an excellent biocompatibility and biostability.   

Finally, electrical contact between orthogonal fibres in a woven fabric must also be investigated to verify the 

use of cross-woven interconnect fibres as contacts. In the initial stage of testing the transistor fibres it would 

be good to make a simple circuit using only fibrous connects. In the ProeTEX project a woven circuit for an 

inverter has been suggested [29]. The problem is that an inverter requires both n- and p-type transistors. The 

transistor which is described in this thesis will be of p-type and development of n-type organic transistors still 

holds a lot of problems as mentioned in paragraph 5.1. By making some small amendments to this woven 

circuit it is possible to realise a simple AND gate configuration as illustrated in Figure 153. The device 

consists out of two transistors, T1 and T2. Only when a negative voltage is put across the gate contacts of 

both T1 and T2 a current can flow from the source of T2, which is at a potential VSS, and between the drain 

of T1, which is at a potential VDD.  

 

Figure 153 - Schematic representation of an AND Gate (left) and the realization of this circuit in a 

woven electrical circuit (right) 
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Appendix A – Theoretical derivation of MOSFET equations 

The current-voltage values of a FET are usually estimated by calculating the resistance value dR of a channel 

element of length dx, given by equation (A.1) 

(A.1) 
( )

dx
dR

W Q x
    

W is the channel width,   is the field effect mobility and Q(x) is the surface charge at position x. The 

charge of the semiconductor is  built up out of the accumulation layer charge ( )sQ x  and the charge in the 

bulk region 0Q  

(A.2) 0 0 sQ qn d   

(A.3) ( ) ( ) ( )s i GS fb sQ x C V V V x V x        

In equation (A.2) q is the electronic charge, 0n  the free carrier equilibrium density, sd  the semiconductor 

thickness. In equation  (A.3) Ci is the surface capacitance of the dielectric insulating layer,  GSV  is the 

voltage across gate and source, fbV  is the flat-band voltage, that accounts for any difference in the work 

function of the gate metal and the organic semiconductor, ( )sV x  is the ohmic voltage drop along the 

semiconductor. For gate voltages higher than a few Volts ( )sV x can be ignored,  because the entire ohmic 

voltage is due to the insulator. The last term ( )V x depends on  DSV . Normally the vertical electrical field is 

substially higher than the horizontal field in the case that the channel length is much higher than the 

insulating thickness. Therefore ( )V x can be considered to depend only on the gate voltage and increase from 

0 to DSV  going from source to drain. 

The current DSI  can be calculated as in formula (A.4) 
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Filling in formula (A.2) and (A.3) and integrating this equation from source (x=0, V=0) to drain (x=L,  

V= DSV ) this gives equation (A.5) 

(A.5)   0
0 0
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Assuming a constant mobility leads to equation (A.6) 
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Where 0V  is given by (A.7) 
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(A.7) 
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This term signifies that at 0 gate voltage a non-zero current flows in the channel. The carrier mobility in the 

linear region can be estimated from the transconductance, obtained by deriving equation (A.5). 
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 can be derived as function of the gate voltage. Generally it is measured at low value of the drain voltage 

(e.g. -1V) 
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When DS GSV V  the region close to the drain starts to deplete. In the depletion region the number of free 

charges at the insulator-semiconductor interface starts to decrease. This will cause a decrease in the drain 

current according to formula (A.10) 

(A.10)  0 ( )DS sI dx Wqn d D V dV   

By neglecting the flat-band voltage ( )D x is given by (A.11) 

(A.11) 
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Here N is the doping concentration and rs is the relative semiconductor dielectric constant. For low drain 

voltage, a decrease of the drain current is expected when a positive gate voltage is applied corresponding to 

an ever decreasing semiconductor charge. 

In practice transistors are mostly used with high drain voltages. While with low values of the drain voltage 

the accumulated charge is uniformly distributed along the channel, when the drain voltage is increased, the 

voltage drop across the insulating layer and the semiconductor becomes a function of the x coordinate along 

the channel. At the drain contact, the voltage drop across the semiconductor is higher and the charge density 

is lower than at the source contact. Therefore the voltage drop across the semiconductor in the intermediate 

points of the channel will have an intermediate value and the charge density will decrease from source to 

drain.  

To calculate the saturation current the accumulation layer is assumed to extend from the source to the point 

where ( ) GSV x V . At this point the depletion layer starts. The drain current is in this case given by (A.12). 

This equation combines equation (A.5) and (A.10). In the second term ,DS satV  corresponds with Q(L)=0, 

when the depletion layer extends across the whole thickness of the semiconductor.  
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To calculate the second term the variable V will be replaced by W using equation (A.11) and integration 

from ( ) 0GSD V  to ,( )DS sat sD V d . This results in equation (A.13) 
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In (A.13) /s rs sC d is the capacitance of the semiconductor. The semiconductor layer is very thin and 

one can assume s iC C . A pinch-off voltage pV  is defined as the gate voltage imposed when the 

semiconductor layer is completely depleted.  The value of pV  is obtained by substituting ( ) GSV x V by pV  

in equation (A.11), knowing that in case of depletion ( ) sD V d  

(A.14)  
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By assuming 0N n  one obtains 0 pV V  and the equation (A.13) can be simplified to give the well 

known expression for saturation current: 

(A.15)  
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This expression is often used to calculate the carrier mobility through plotting the square root of the 

saturation current versus the gate voltage. 
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Appendix B - SEM images Dielectric layer 
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12,5 mm/min  25 mm/min  

  
50 mm/min  75 mm/min  

  
  



 

B-2 

 

DMF 7,5w% - Ambient conditions - without MeOH pretreatment 
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DMF 15w% - Ambient conditions – without MeOH pretreatment 
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DMF 17,5w% - Ambient conditions  
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DMF 15w% - Drying oven 60°C  
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DMF 17,5w% - Drying oven 60°C  
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NMP 12,5w% - Ambient conditions (RH < 27%)  
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NMP 12,5w% - Drying oven 60°C  
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