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Introduction 

The idea of integrating electronic functions into textiles has 
been present in the minds of product developers and designers 
for decades. In 1932, the concept of electrically heated clothing 
for police officers was introduced [1]. In 1966, the designer 
Diana Dew integrated light into fashion items [2,3]. Hence, the 
concept of smart textile systems and intelligent clothing has 
obviously been a much discussed topic for more than half a 
century.

From the start, both industries, microelectronics and textiles, saw 
the unique chance for new business opportunities in this quickly 
developing application field, including wearable electronics. 
Especially for the European textile industry, high-tech products 
like smart textiles might be one of the last straws to clutch at 
before moving production to lower-wage countries [4].

Initially, electronics were integrated into textile structures 
on a low-tech level by simply attaching rigid microelectronic 

devices [5]. After some time and many unsuccessful (or 
failed) products [5], it became clear that customers are not 
satisfied with unreliable gadget-like items. They ask for 
more advanced solutions, i.e. electronic devices invisibly 
integrated into their surroundings [6]. Today, research and 
industry strive for truly integrated electronic functions. 
Therefore, research is trying to find ways to construct 
electronic devices directly into or onto the textile substrate 
like fibres or filaments.

Many microelectronic components, e.g. transistors, light 
emitting diodes (LED) or memory, are built up in layers, which 
are deposited in a variety of ways. By entering into the new 
application field of textile electronics, the processes through 
which the different layers in microelectronics are applied need to 
be revised and adopted for the application in textile substrates. 
As with flexible electronics, the properties that come along 
with the textile’s nature, e.g. having small dimensions or being 
flexible, stretchable or drapable and sometimes cylindrical, 
provide for a challenging assignment [7].
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fibrous transistor points at wearable electronics; therefore, 
performance at low voltage is preferred to prevent the wearer 
from being endangered. Hence, achieving a very thin and at 
the same time insulating layer is important and the aim of this 
study. 

The roughness of the dielectric layer not only affects the 
mobility but also the molecular ordering of the subsequently 
applied semiconductor during solidification [9]. When the 
semiconductor self-assembles after depositing on the dielectric 
layer, a higher roughness can lead to the formation of voids 
and defects in the semi-conductive layer. Therefore, the 
layer’s roughness and inhomogeneity might lead to traps for 
charge carriers, which will decrease the performance of the 
transistor. Roughness, in addition to the overall morphology, 
is therefore a good performance indicator and hence crucial to 
the performance of the final device [10,11]. The roughness of 
the layer investigated in this study will be discussed in detail in 
a subsequent publication. 

Like in many other microelectronic devices, a dielectric 
layer that fits the requirements of the device is fundamental 
for OFETs. In the present case, this means a layer as thin 
as possible, but still electrically insulating. To meet these 
requirements, many inorganic but also organic materials have 
been assessed for their suitability as dielectric layers [12-16]. 
Within the OFET architecture, this layer completes the task of 
electrically insulating the gate layer from semi-conductive layer.

In general, polymeric materials used as dielectric are the 
perfect match for textile substrates. These organic materials 
offer the right flexibility and processing technique. Polymers 
seem to be highly promising because of their textile compatible 
properties, but also because they are processable in solution. 

As early as in the late 1970s, polyimide (PI) films were used 
as dielectric layers in electronics [17]. But even earlier, high 
quality isolating layers that met the ever-increasing demand 
in the field of thin film microelectronics were a recurring 
subject in research. Youngs et al. (2006) [18] showed that 
globally the absolute volume of publications on dielectrics has 

A transistor is an example of a microelectronic active 
component with a layered architecture. There are different 
ways of constructing a transistor. Here we only refer to the Top-
Contact-Bottom-Gate (TCBG) layout (see Figure 1-3). As for the 
working principle of the organic field effect transistor (OFET), 
a voltage is applied to the gate layer. The current flows from 
source to drain contact, crosses the semi-conductive layer and 
flows at the interface of the dielectric layer and semiconductor. 

The gate layer was thoroughly investigated by Schwarz et al. 
(2010) [8]. The focus of this work is on the dielectric layer, which 
plays a significant role in the performance of microelectronic 
devices in general, for instance field effect transistors, LED or 
photovoltaic cells. 

In the layered architecture presented here, the thickness of the 
dielectric layer determines the voltage to be applied (turn-on 
voltage) and, partly, the performance (field efficiency) of the 
transistor. The thicker the layer, the more voltage needs to be 
applied to turn the transistor on, causing the current to flow 
from source to drain contact. The roughness of the dielectric 
layer influences the mobility of the electrons flowing through 
it (carrier mobility), and therefore the switching speed (on/
off ratio) of the transistor. A potential end application of a 

Figure 1. Schematic view of organic field effect transistor Top-Contact-
Bottom-Gate architecture.

Figure 2. Schematic view: organic field effect transistor Top-Contact-Bottom-Gate architecture on a filament.
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that is the most adequate to treat fibrous substrates, the 
process parameters will be optimised to find the best process 
conditions.

This paper deals with the following factors: dip-coating speed, 
choice of solvent and solvent–solute content of the dip-coating 
bath. Spin coating or other techniques as vapour deposition 
were excluded from investigation since this research focuses 
on textile applicable processes, which also means processes 
that can be applied on a cylindrical shaped substrate [12]. High 
temperature or vacuum process techniques are not optimal to 
be used in textile production processes due to, for example, the 
substrate’s shape. Besides, they are difficult to up-scale since 
they are discontinuous processes. 

The application of the polymeric material as a dielectric 
layer on a flexible, cylindrical substrate involves hundreds of 
hurdles in processing. This includes the entire process chain, 
starting from storage of the substrate to the final analysis of 
the deposited layer. In this paper, only a glimpse into these 
difficulties can be given. 

As mentioned, the paper deals with the deposition of a PI 
dielectric layer by dip-coating and its optimisation. Several 
crucial influencing factors are discussed, such as choice of 
solvent, percentage of solute content and dip-coating speed. 
Other process conditions like pre-treatment of the substrate, 
ambient humidity and the drying process do affect the layer 
formation and were also tested. These factors are however not 
a subject of this particular publication.

By finding and optimising the optimal dip-coating parameters for 
applying the dielectric PI layer onto the filament, opportunities 
are provided for subsequent perfection of the semiconductor 
layer, the next step in constructing a fibrous OFET. The 
textile industry is used to working with wet processes during 
production and therefore dip-coating can be integrated without 
difficulty. In comparison with lithography, subtractive processes 
and vacuum-based film deposition, dip-coating is a technique 
in which materials are efficiently used, which saves time and 
costs [10]. 

been steadily increasing throughout the years leading to the 
conclusion that research still needs to solve many issues in this 
field. Much discussed topics in this respect are high permittivity 
(high k) dielectrics for electronics applications and the role 
of the interfaces in-between the different layers [9]. The top 
three application areas for research, with respect to dielectric 
materials in 2004, are related to capacitors, insulators and 
transistors [18]. As mentioned, the last is the subject of this 
publication.

Many solutions have been found for depositing a perfected 
dielectric layer on rigid flat substrates. This includes application 
via different coating processes like evaporation or etching 
processes, spin-coating, nano-imprinting, ink-jet printing, spray 
coating, drop casting and screen printing [10]. Often those 
processes are discontinuous. 

Today, in the age of smart textiles and flexible electronics, 
research needs to find solutions to achieve this on textile 
substrates often having a cylindrical shape and roughness that 
the electronics industry is not used to dealing with. The new 
substrate type determines the choice of the production steps 
and materials. Because of the nature of the substrate, here 
a polyester (PES) filament with a diameter of 888 µm, only 
continuous production processes are perceived as valuable 
for further investigation. In addition, process integration into 
today’s textile production lines needs to be considered, and so 
low temperature and wet, eventually solution-based processes 
seem to be the best choice. The insulating layer should have 
similar mechanical properties as the substrate in order to allow 
bending and stretching during the final textile integration, e.g. 
by weaving [7,19]. In addition, the dielectric layer should also 
prevent degradation of the underlying layer by being waterproof 
and inhibiting oxidation [20].

In 2007, Cardoen successfully deposited a dielectric layer on 
copper-coated PES ribbons by dip-coating [20]. This process 
can easily be up-scaled from lab conditions to mass production 
[5]. However, the resulting layers suffered from inhomogeneities 
and a rough cellular surface. Initially, the results were not 
satisfactory but since dip-coating is perceived as the process 

Figure 3. Schematic view of cross-section: organic field effect transistor architecture on filament.
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The quality of the dielectric layer was evaluated by determining 
its insulating properties through resistivity and leak current 
measurements. The insulating properties were demonstrated 
by Maccioni et al. who used a cylindrical metal fibre with a 
uniform PI layer of 1 µm (purchased from Elektrisola) indicating 
a leak current of less than 10-10 A [31]. A theoretical value of 
550 nm for the insulating layer thickness with a leak current of 
10-9 A was defined by PROETex (2007) [13].

Methods 

Dip-coating has been chosen for the deposition of the dielectric 
layer onto the filament substrate. First, the substrate undergoes 
a cleaning step, subsequently it is dip-coated into the solution 
at a controlled speed (withdrawal speed), followed by a drying 
period at 60ºC for 24 h, as recommended by the producers 
of the PI resin. When the substrate is withdrawn from the dip-
coating bath, the polymer solution adheres to its surface and 
solidifies during drying (Figure 5) [32]. The schematic drawing 
in Figure 5 shows a dip-coating device.

As mentioned earlier, the dip-coating process allows up-scaling 
for continuous production on an industrial scale (see Figure 6); 
devices already exist and are well established in today’s textile 
industry’s production lines. The properties of the dip-coated 
layer in terms of thickness and quality are determined by 
temperature, pressure, humidity and speed. Also the angle 
of withdrawal, pre-treatment of the substrate and drying 
conditions play a significant role [33,34]. In this publication, we 
only refer to the dip-coating parameter speed; withdrawal was 
undertaken at 90° to achieve an even layer surrounding the 
substrate.

This paper assists in understanding the relationships of the 
different materials used in textile microelectronic devices 
and might be an eye-opener for future opportunities in textile 
applications.

Materials

In this study, a PI resin, purchased from Alfa Aesar, was 
chosen to be applied as an insulating dielectric layer onto a 
PES filament that prior to this had been coated with copper. 
The PES filament had an 888 µm diameter and was purchased 
from Teijin. 

In particular, PI was chosen as the dielectric material because 
of its good flexibility [12], low conductivity, high breakdown 
voltage and high dielectric constant. In addition, it is compatible 
with wet processing [13,21]. This is an advantage because wet 
processes are frequently used in the textile industry that cover 
pre-treatment, printing, dyeing and finishing [22] and therefore 
also dip-coating. Furthermore, its biocompatibility is a plus 
when considering applications close to the skin.

The chemical structure of PI is given in Figure 4. PI films are 
commercially available, for example as Kapton Film (DuPont) 
[23], and are frequently used in the electronics industry.

Imides normally exist as monomers. These monomers can be 
transferred into PI by imidisation, a reaction between for example 
a dianhydride and a diamine. The polymer we used comes as a 
powder and has the advantages of being fully imidised, soluble 
in a variety of solvents and processable at low temperatures. 
According to the producers, coating with PI results in a durable 
and tough layer. PI has an excellent chemical stability and shows 
good adhesion to various surfaces [24].

The dielectric constant of PI varies with temperature. At 150ºC, 
its dielectric constant is approximately 3.5, whereas it decreases 
to 3.02 at 350ºC [12]. The dielectric constant is an indicator for 
the insulating properties of the material. PI is stable towards 
most of the common solvents, unlike other polymers, e.g. 
polyethylene or PES [25,26]. This is an important prerequisite 
for subsequent deposition of the organic semiconductor. 

The polymer can be solution-processed from a limited number 
of solvents, e.g. 1-methyl-2-pyrrolidone (NMP) [12,20,27] and 
dimethylformaldehyde (DMF) [28-30]. Both solvents, NMP and 
DMF, are studied in this paper and were purchased from Sigma 
Aldrich. 

Figure 4. Chemical structure of polyimide resin [24]. Figure 5. Discontinuous dip-coater (schematic drawing). 
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clamps (RS Components) assembled at a predetermined 
distance on a holder to ensure constant distance during 
measuring (Figure 7). The distance between the outer probes 
is 35 mm. The two inner probes are arranged at a distance 
of 25 mm. This custom made setup allowed reproducible 
resistance measurements.

 As for the leak current measurements, two contacts were used 
on predefined locations on the sample. One alligator clamp 
was placed on the conductive copper layer of the samples at 
10 mm from the point where the isolating coating starts. The 
other clamp was positioned at a distance of 20 mm, exactly 10 
mm from the other side on the isolating layer, as indicated in 
Figure 8.

Silver-based conductive adhesive Shieldokit 3980 from the 
company Holland Shielding Systems was applied on the 
samples to generate a good contact between clamp and PI 
layer, ensuring that the isolating properties arose from the 
dielectric layer and not from a bad contact. The threshold 
value for the insulating properties of the dielectric layer was a 
resistance of 200 MΩ.

Those samples that showed good insulating properties were 
selected for further investigation of their insulating properties. 
For the following measurements, a gold contact was sputtered 
onto the dielectric layer using vacuum gold deposition. The 
gold electrodes have a surface area that is representative 
of the source and drain contacts in the OFET architecture, 
which are not part of this publication. Shadow masking using 
tape was employed to make contacts with a length of 20 mm. 
During the evaporation process, 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 an 888 µm diameter, 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 
with the alligator clamps. The measurement was now done by 

As mentioned before, for the dip-coating bath, PI resin is 
dissolved in two different solvents as suggested in literature, 
DMF [20] and NMP [12]. The choice of the solvent determines 
the evaporation rate from the solution. Both solvents are high 
boiling point solvents whereas DMF has a slightly lower boiling 
point than NMP, 153°C and 204°C, respectively. The speed at 
which the solvent evaporates from the deposited layer has an 
impact on the layer quality during the process of solidification 
[32].

A variety of concentrations were tested. For DMF, this relates to 
a range from 7.5w% to 17.5w%, gradually increased in intervals 
of 2.5w%. The dip-coating withdrawal speed ranged from 1 to 
150 mm/min. For NMP solutions, ranges were adopted based 
on the results of the DMF coatings.

The effects on the layer properties were investigated by 
measuring the thickness of the layer, conducting an electrical 
characterisation and performing microscopic analysis. The 
thickness of the dielectric layer was measured by embedding the 
substrate in historesin (Leica) and by subsequent microscopic 
analysis. Electrical characterisation included measurements of 
layer resistivity and leak current. 

For evaluating the electrical properties of the layer, the four point 
probe resistivity measurement was applied. The four probes 
are applied on the filament in a linear fashion. The current 
is supplied on the outer probes and the voltage is measured 
between the inner probes; therefore, a voltage drop can be 
detected across the inner probes. Through this arrangement, 
only the resistance of the layer itself is measured. Based on 
the measurements, the resistance or conductivity can be 
calculated through: 

  
Voltage UR
Current I

= =  (1)

For the measurement, an Ampere meter (Fluke 75 Series II 
multimeter) with a resolution of 0.01 am, a DC power supply 
(Tti PL601) and a voltmeter (Digi tool IEC 1010 Digi 16) with a 
resolution of 0.1 mV were used. The probes were flat alligator 

Figure 6. Continuous dip-coating process indicating the variation in withdrawal angles.
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Figure 7. Image of a setup with four flat alligator clamps to make contact (left) and schematic representation (right).

Figure 8. Representation of position of contact points for determination 
of leak current through a dielectric layer.

measuring the current leakage through the dielectric layer at an 
increasing voltage between the gate copper contact and 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. Final tests 
were conducted at increased sensitivity up to the level of pA. 
Voltage was increased from 0 to 10 V in stages of 1 V.

Results and Discussion 

Dip-coating from PI/DMF solution

Resistivity measurements were conducted as described above. 
The insulating properties of the dielectric layer are shown in 
Table 1. The layer thickness is displayed for different withdrawal 
speeds and solute concentration of DMF in the same table.

The results show that the layer thickness increases with an 
increasing solute concentration (in w%) and increasing withdrawal 
speed (in mm/min). When coated at a lower concentration of 
7.5w% as well as 10w% PI, all samples remain conductive over 
the entire range of withdrawal speed (threshold < 1010 Ωcm) 
[8]. Insulating layers were only obtained at a concentration of 
12.5w%, when the dip-coating speed was relatively low, i.e. 
50 mm/min. A cross-section of the filament displaying also the 
previously deposited gate layer is shown in Figure 9.

It was observed that the lower the solute concentration, 
the higher the dip-coating speed needs to be to achieve an 
insulating layer. At a concentration of 15w%, an isolating layer 
could already be achieved at a withdrawal speed of 10 mm/
min, as shown in Table 1. 

As for the concentration of 17.5w%, all tested withdrawal 
speeds resulted in an isolating layer. To visualise the trend, the 

Table 1.Thickness (in µm) of dielectric layer at different withdrawal speeds v (in mm/min) versus polyimide concentration in dimethylformaldehyde 
(in w%). Shaded fields indicate conductivity (Cond) (threshold < 1010 Ωcm [8]).
 

[mm/
min]
[w%]

1 5 7.5 10 12.5 25 50 75 100 150

7.5 Cond Cond Cond Cond Cond Cond Cond Cond Cond Cond

 [µm]

10.0 Cond Cond Cond Cond Cond Cond Cond Cond Cond Cond

12.5 0.21 0.26 0.57 0.53 0.56 0.61 0.86 2.07 2.19 4.28

15.0 0.25 0.32 0.56 0.88 1.09 1.36 2.83 3.64 7.65 7.45

17.5 1.53 1.60 1.96 2.76 8.70 9.01 9.20 9.95 12.83 15.47
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Also in this testing series, the withdrawal speed was varied from 
1 to 150 mm/min. An overview of the measured thicknesses for 
samples coated from 12.5w% DMF, and NMP for comparison, 
is given in Table 2. For NMP solutions, it also is applicable 
that with increased concentration the thickness increases and 
therefore the insulating properties of the layer improve. It could 
be observed that in the case of NMP, the thickness was lower 
when compared with DMF at the same withdrawal speed and 
concentration. This effect became more pronounced at higher 
withdrawal speeds. Coatings at a concentration of 12.5w% 
and a speed of 25 mm/min and higher were insulating. When 
comparing the test results in the DMF series with those of the 
NMP series (see Table 2), we can conclude that a threshold 
thickness near 600 nm is required for the PI layer to become 
insulating.

results are represented in Figure 10. A clear increasing trend in 
thickness was observed upon increasing the withdrawal speed.

Dip-coating from PI/NMP solution

Following the analysis of the DMF solution, NMP was also 
investigated as a potential solvent. As reported in literature, the 
use of higher boiling point solvents affects the morphology and 
therefore the properties of the deposited layer [36-38]. During 
the solvent evaporation, molecules are given more time to self-
assemble; therefore, NMP, which has a boiling point of 202°C 
[39], was chosen as an alternative solvent for DMF. The boiling 
point of DMF is only 153°C [40] under standard atmospheric 
conditions and, hence, the solution with NMP could lead to 
better results.

Figure 9. Microscopic picture of fibrous transistor cross-section. The picture shows the polyester filament (1), the gate layer (2+3) and dielectric 
layer coated from 15w% polyimide/dimethylformaldehyde solution at 75 mm/min (4) [35].

Figure 10. Thickness of dielectric layer as a function of the withdrawal rate at concentrations 12.5w%, 15w% and 17.5w% polyimide in 
dimethylformaldehyde. 

Table 2. Thickness (in µm) of dielectric layer at different withdrawal speeds (in mm/min) versus dimethylformaldehyde (DMF) or 1-methyl-2-p 
(NMP) as a solvent at a constant concentration of 12.5w% polyimide. Shaded fields indicate conductivity (threshold < 1010 Ωcm) [8]. 
 

[mm/min]
solvent 1 5 7.5 10 12.5 25 50 75 100 150

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

AUTEX Research Journal, Vol. 14, No 3, September 2014, DOI: 10.2478/aut-2014-0008  © AUTEX 

http://www.autexrj.com/ 127
Brought to you by | Universiteit Gent

Authenticated
Download Date | 11/3/14 2:18 PM



particle size. Therefore, the silver contacts remained on the 
surface; cracks in the PI layer therefore did not influence the 
outcome of the measurements.

Based on previous experiments, we know that to increase the 
layer thickness, the viscosity and therefore the concentration 
of dissolved polymer of the solution should be increased. 
Consequently, the concentration of the PI/NMP solution was 
increased to 15w%. The new measurement results show that 
the leak current is strongly reduced compared with the samples 
coated from a 12.5w% PI/NMP solution (see Figure 12). What 
is also noticed in this test series is that, until a turning point, 
the leak current decreases at an increasing dip-coating speed. 
After the turning point, the leak current increases again. Only at 
a dip-coating speed of 50 mm/min was the leak current below 
the measurable range of mA detectable with the multimeter. 

In comparison with the samples dip-coated in PI/NMP 
solution, the combination with DMF as solvent was tested at 
a concentration of 15w%. The results are shown in Figure 13. 

In this test series, a similar effect is noticed. At a low dip-coating 
speed of 12.5 mm/min, the layer thickness was probably too 
thin and a high leak current was measured. At a dip-coating 
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. 

Further experiments showed that samples from PI/DMF 17w% 
were very slightly conductive when the dip-coating speed 
was 12.5 mm/min. Samples treated at higher velocities were 
insulating over the entire measuring range. The sample coated 
at 150 mm/min exhibited a small, yet measurable leak current 
of 0.01 mA when testing at 60 V, indicating again film instability 
or cracks in the dielectric layer.

In addition to the resistivity measurements, the leak current 
between the gate layer and one contact electrode applied on 
the surface of the dielectric layer was investigated. Only those 
samples that have been tested over the entire range of the 
DC generator (up to 60 V) are tested with the same setup but 
with more exact tools than the multimeter, which has only an 
accuracy of 10-5 A. The HP LF Impedance Analyser 4192A 
can measure up to 10-14 A accuracy. Earlier, the contacts on 
the layer were applied in silver ink; the next series of contacts 
consisted of evaporated gold. As a result, a much better 
contact resistance is ensured compared with the previous 
measurements.

First measurements showed that the samples coated with PI/
NMP 12.5w% at a speed higher than 25 mm/min were insulating. 
In Figure 11, an overview is given of the measured leak current 
of samples coated with 12.5w% PI/NMP at differing dip-coating 
speeds of 50, 75, 100 and 150 mm/min. All samples exhibit a 
leak current in the order of mA, a value that is unacceptably 
high for the chosen application. Therefore, we assume that the 
layer is too thin to provide good insulating properties. 

Furthermore, we observed that the leak current decreased 
upon an increasing dip-coating speed. Once a certain threshold 
value was met, the leak current started to increase again at an 
increasing speed. The reason for this phenomenon could be the 
instability in the layer at an increased dip-coating speed. The 
layer becomes thinner at certain points across the fibre length 
as described in literature [41,42]. Additionally, dip-coating at 
higher speed increases the risk of crack formation. The gold 
electrodes make very close contact to the substrate, and any 
cracks propagating in the PI layer might result in a strongly 
increased leak current. This possibility was not considered 
when using silver paste since this paste did not penetrate into 
the layer’s voids because of the paste’s viscosity and silver 

Figure 11. Leak current for samples coated from polyimide/1-methyl-2-pyrrolidone (NMP) 12.5w% solution at dip-coating speeds 50, 75, 100 and 
150 mm/min.
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Figure 12. Leak current for samples coated from 15w% polyimide/1-methyl-2-pyrrolidone (NMP) solution at dip-coating speed 12.5, 25, 50, 75, 
100 and 150 mm/min.

Figure 13. Leak current for samples coated from 15w% polyimide/dimethylformaldehyde (DMF) solution at dip-coating speed 12.5, 25, 50, 75, 
100 and 150 mm/min.

For comparison, a commercially available copper wire coated 
with a 10 µm PI layer was tested. The result is shown in 
Figure 14. The leak current of the copper wire was very high. 
Therefore, this wire cannot be used for development of a 
cylindrical shaped transistor. But, when also comparing our 
sample coated with PI/NMP 12.5w% at 50 mm/min, the layer 
thickness does not seem to be sufficient. Best results were 
achieved with a solution concentration of PI/NMP 15w% at 50 
mm/min. 

In Table 3, 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 non-shaded fields indicate layers that had a leakage 

current below the measurable range of 0.01 mA at 60 V. The 
shaded fields indicate a significant measured leak current. 
Corresponding thickness measurements are given in µm. 

Based on the results shown above, it can be concluded 
that for a dielectric layer coated from an NMP solution, only 
the combination of 15w% and a 50 mm/min withdrawal rate 
resulted in a sufficiently insulating fibre with a thickness of 
600 nm. When DMF was used as a solvent at 15w%, insulating 
dielectric layers were obtained for 50 and 75 mm/min. Also 
here the ideal thickness was in the order of 600 nm. At PI/DMF 
17.5w%, the fibres coated at 25 and 100 mm/min became 
sufficiently insulating.
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this dielectric layer could be used for further development of a 
transistor on a filament.

As indicated in Figure 17, for the isolating fibres with 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. 

These samples were further examined with HP LF Impedance 
Analyser 4192A, which can measure up to 10-14 A accuracy. 
A typical graph for a dielectric leak current was obtained 
for the samples coated at 50 mm/min (PI/NMP 15w%) (see 
Figure 15). When plotting log (A) in function of √V, a linear 
correlation should be noticed, which is confirmed in Figure 
16. Leak current was in the order of 10-9 A. Consequently, 

Figure 14. Leak current for samples coated from 12.5w% polyimide/1-methyl-2-pyrrolidone (PI/NMP) and 15w% PI/NMP at 50 mm/min versus 
commercially available PI-coated copper wire.

Table 3. Overview leak current with gold contacts.
 

mm/min 
solvent w% 12.5 25 50 75 100 150

NMP 12.5w% Leakage Leakage 0.64 0.71 0.75 1.07

µm
NMP 15w% 0.41 0.55 0.60 0.62 0.93 0.98
DMF 15w% 0.24 0.36 0.55 0.77 0.87 1.54

DMF 17.5w% 0.51 0.80 1.09 1.20 1.15 Leakage
 
DMF, dimethylformaldehyde; NMP, 1-methyl-2-pyrrolidone.

Figure 15. Leak current for samples coated from 15w% polyimide/1-methyl-2-pyrrolidone solution at a withdrawal rate of 50 mm/min.
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One mechanism that explains a relation like (2) is known as the 
Poole–Frenkel conduction mechanism [43,44]. The theoretical 
formula reads:

            (3)

• d = the thickness of the insulating layer
• V = the applied voltage
• ε0 = 8.85 10-12 F/m : dielectric constant in vacuum
• ε = 3.5 : relative dielectric constant of PI
• k = 1.38 19-23 J/K : Boltzmann constant
• q = 1.6 10-19 C : elementary charge
• T = absolute temperature
• I0 = reference current

From Table 3 (NMP 15w%; 50 mm/min), we learn that the 
thickness of the PI layer is given by d = 0.6 µm so that we get 
the following numerical value for the Poole–Frenkel coefficient:

   (4)

This value is remarkably close to the experimental value 2.0755 
in (2). Also mentioning the fact that the relation (2) was found 
to be valid for almost two decades of current values, one may 
conclude that the observed conduction phenomenon in the PI 
layers must be a Poole–Frenkel conduction mechanism.

Another related theory is the Schottky conduction mechanism 
[45]. The theoretical relationship is now given by:

 (5)

The leak current is much lower than previously detected with 
the multimeter. A potential reason could be that a new sample 
was produced and probably this time no cracks had formed. A 
higher dip-coating speed leads to an increased layer thickness. 
Since we target minimal thickness, in any case it is desired to 
coat fibres at a lower speed. This way, the risk of cracks in the 
sample should be avoided. 

Poole–Frenkel conduction 

From the electrical characterization obtained so far, it is clear 
that two kinds of PI layers were made. Taking a closer look 
at the results shown in Figure 11, Figure 12, Figure 13, and 
Figure 14, it can be seen that all show a relatively high leakage 
current. Such PI layers should be considered as electric 
conductors rather than electric insulating layers. In addition, 
a leakage current of 10 mA for an applied voltage of 0.1 V 
corresponds to a resistor of 10 Ω, which is a rather small value.

Totally different results are shown in Figure 15. First, the IV 
curve characteristic is no longer linear. Second, the leakage 
current is several orders of magnitude smaller (nA instead of 
mA range). One can say that the 15% PI/NMP solution with 
a withdrawal rate of 50 mm/min is a good way to obtain good 
insulation properties. A leakage current of 5 nA for an applied 
voltage of 10 V corresponds to a resistor of 2 GΩ. 

In order to interpret the results of Figure 15, the same data 
were plotted again in Figure 16, but using a semilog plot 
versus √V. Although the leak current is varying over almost 
two orders of magnitude (from 10-10 to 10-8), a linear fit was 
possible. According to the trend line, the experimental IV curve 
characteristic can be represented by:

 

Figure 16. Leak current for samples coated from 15w% polyimide/1-methyl-2-pyrrolidone solution at a withdrawal rate of 50 mm/min with log (A) 
in function of √V.

(2)
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comparable with the leak current obtained in this work on a 
cylindrical substrate [46].

In general, both higher PI content in solution and higher dip-
coating speed lead to thicker layers. Coating at higher speed 
compared with slower dip-coating speeds therefore results in 
thicker layers. The choice of solvent also adds to the quality 
of the layer thickness [36]. DMF evaporates faster and so 
entrapment of voids, air or humidity can take place leading to 
thicker layers. The influence of humidity on this layer will be 
discussed in a subsequent publication.

Conclusions

We made progress in developing a transistor fibre for application 
in smart textiles. In this respect, the deposition of PI thin films 
by dip-coating for application as a dielectric layer in a Top-
Contact-Bottom-Gate OFET architecture was tested, evaluated 
and optimised. In summary, a range of dip-coating speeds was 
tested in combination with different solution compositions. The 
best results and highest insulating properties with a minimum 

It must be noted that βS = βPF/2 = 1.0474, a value not in good 
agreement with our experiments. The main difference between 
Poole–Frenkel and the Schottky conduction is that Poole–
Frenkel is a bulk phenomenon whereas the Schottky conduction 
appears at the electrode contacts. Some authors warn that 
one should not conclude too quickly that one is dealing with a 
Poole–Frenkel mechanism as soon as the log (I) versus √V plot 
can be fitted to a straight line. The fitting should be valid for at 
least one order of magnitude of the current values, which was 
certainly the case in our experiment.

For the samples coated with 17.5w% PI/DMF solution, a 
similar effect was observed as shown in Figure 17 and  
Figure 18. Because the layer becomes even thicker, a very 
low leak current was observed. The maximum leak current 
was measured when the dip-coating speed measured 25 mm/
min. All other dip-coating speeds resulted in a leak current well 
below 0.1 nA. 

In the study by Someya et al., a leak current in the order of 
10-10 A was obtained for a 500 nm thick spin-coated PI layer 
on a flat poly(ethylene naphthalate) substrate. This result is 

Figure 17. Leak current for samples coated from 15w% polyimide/dimethylformaldehyde (PI/DMF) solution.

Figure 18. Leak current for samples coated from 17.5w% polyimide/dimethylformaldehyde (PI/DMF) solution.
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