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Abstract

Printed electronics represent an alternative solution for the manufacturing of low-temperature and large
area flexible electronics. The use of inkjet printing is showing major advantages when compared to other
established printing technologies such as, gravure, screen or offset printing, allowing the reduction of
manufacturing costs due to its efficient material usage and the direct-writing approach without
requirement of any masks. However, several technological restrictions for printed electronics can hinder
its application potential, e.g. the device stability under atmospheric or even more stringent conditions.
Here, we study the influence of specific mechanical, chemical, and temperature treatments usually

appearing in manufacturing processes for textiles on the electrical performance of all-inkjet-printed
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organic thin-film transistors (OTFTs). Therefore, OTFTs where manufactured with silver electrodes,
a UV curable dielectric, and 6,13-bis(triisopropylsilylethynyl) pentance (TIPS-pentacene) as the active
semiconductor layer. All the layers were deposited using inkjet printing. After electrical characterization
of the printed OTFTs, a simple encapsulation method was applied followed by the degradation study
allowing a comparison of the electrical performance of treated and not treated OTFTSs. Industrial
calendering, dyeing, washing and stentering were selected as typical textile processes and treatment
methods for the printed OTFTs. It is shown that the all-inkjet-printed OTFTs fabricated in this work are
functional after their submission to the textiles processes but with degradation in the electrical

performance, exhibiting higher degradation in the OTFTs with shorter channel lengths (L=10 pm).

Keywords: Organic thin-film transistors, printed electronics, inkjet-printing, organic electronic

degradation.



1. Introduction

Organic electronics (OE) has the potential to become a market of large value over the next decades,
mainly based on the use of sensors and active devices such as OTFTs, considering their critical role as
electrical switches, amplifiers or memory elements. The reduced cost per area and the scalability to
large-area is intrinsic to printing technologies and allows mass production for item level applications,
without a significant cost surplus [1]. Furthermore, the use of printed electronics based on solution-
processable materials provides a technical advantage since different functional materials can be
deposited in ambient conditions in an additive manufacturing manner. In particular, the use of inkjet
printing for printed electronics is increasingly gaining interest [2]-[4] due to the advantages of non-

contact, high precision and maskless additive patterning, print layout flexibility and low material waste.

Textiles are a demanding but very interesting environment for OE. This combination enables the
integration of enhanced functionalities into usual textile materials, e.g. home textiles. Currently, there
are mainly two different concepts about the integration of electronics in textiles called (i) in-cloth
applications and (ii) on-cloth applications. In in-cloth applications, active devices such as OTFTs [5],
[6], organic photovoltaics [7] and organic light emitting diodes [8] are implemented in the fibers and
woven together to accomplish a electronic textile (e-textile). While on-cloth applications focus e.g. on
producing thermal evaporated conductors with carbon nanotubes [9] or other polymers [10] or active
devices such as sensors [11], batteries [12] and OTFTs [13], that are fabricated directly onto the textiles.
Furthermore, there are also approaches to implement conventional silicon based electronics at item level
in the textile fabric. The integration takes place at the final stage of the production chain of the clothing

industry [14].

However, the most convenient integration of OE in textiles would be during their production stage as a
semi-finished product. This requires a high stability of the OE devices since several textile processes
need to be applied to finish the product. Despite several reported OE applications in textile fabrics, there
is a lack of investigation and research regarding the degradation of the devices, especially under

processes usually used in textile industry to transfer a semi-finished product onto a finished product.



The final home-textile product is also later on during its life-time subjected to similar stresses and
strains, e.g. when washing it. The stresses and strains may originate in cooling from high temperature
processes, chemical treatments and physical deformation. This paper reports on the degradation of the
electrical performance of all-inkjet-printed OTFTs with TIPS-pentacene as the active semiconductor
layer. The 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene) is one of the most widely
studied organic p-type semiconductors and represents a good candidate for developing OE devices due
to its high electrical performance [2], [15] and solubility in several organic solvents [16], [17]. It has
also good stability against oxygen and humidity [18] and allows to obtain large crystalline structures by
inkjet printing resulting in high electron mobility [3]. For the degradation study, the printed OTFTs are
encapsulated and submitted to the industrial textile processes calendering, dyeing, washing and
stentering. In this way, this investigation verifies the application limits of this type of materials and

devices for the textile industry.

2. Experimental

The printing of all layers was performed with a Dimatix Materials Printer 2831 (DMP2831, Fuijifilm
Dimatix). The printer was equipped with piezo-electric printheads having 16 nozzles each with a
diameter of about 21.5 um. The nominal drop volume of the ejected droplet of the printhead is 10 pL.
A 125 pum thick polyethylene naphthalate (PEN) film was used as substrate for the manufacturing of the
OTFTs (TEONEX® Q65FA, DuPont Teijin Films).This substrate includes a pre-treatment on one side
for improved adhesion, enabling the fabrication of high quality inkjet-printed patterns. According to the
datasheet and further literature sources, it provides also good heat stability with a thermal shrinkage of

only 0.4 % when exposed to 150 °C for 30 minutes [19][20].

The OTFTs used in this contribution were manufactured in the bottom-gate bottom-contact (BGBC)
architecture. With the BGBC geometry, the semiconductor is the last deposited layer in the multilayer
structure and can be more affected by the different treatments for the degradation study. For the active

layer, 1 wt % of 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene) (Sigma-Aldrich)



dissolved in 1,2-dichlorobenzene was inkjet-printed with a print resolution of 1270 dpi (corresponds to
a center-to-center drop distance of 20 um) and patterned as rectangle with a size of 3 x 1.25 mm?. During
printing, the substrate was heated to a temperature of 50 °C to improve the layer formation. After the
deposition of TIPS-pentance, the OTFTs were heated on a hotplate for 60 minutes at 50 °C for final
solvent evaporation and enhanced crystallization. The used temperature is in line with previous thermal
treatment results that reported a temperature range between 46 °C [21] and 60 °C [22] to (i) avoid crack
formation and to (ii) obtain enhanced crystallinity of the TIPS-pentacene film for high mobility. It has
been shown [18] that the electrical characteristics of vapor-deposited TIPS-pentacene without any
encapsulation degrade about ~ 30 % after 4 weeks exposure to ambient conditions. Moreover, it is
reported that shorter channel length devices undergo significant degradation in threshold voltage [18]
and on-current [18] with bias-stress [23]. However, the degradation of mobility and on/off ratio becomes
less pronounced when heating of the devices is performed at temperatures close to 60 °C. In this case,

crack formation is reduced limiting the trapping sites for moisture or oxygen [22].

The silver (Ag) nanoparticle ink EMD5603 (SunChemical) was applied for the formation of the gate
and source/drain electrodes. For the gate dielectric layer, the UV curable and commercially available
ink formulation Hyperion Pro Wet Black (Tritron GmbH, Battenberg-Dodenau, Germany) was used.
The thickness of the inkjet-printed silver layers are in the range of 400 to 500 nm. Since the UV curable
ink formulation has no solvent components, the thickness of the dielectric is much higher (about 6 um)
compared to the silver layer. Several all-inkjet-printed OTFTs where manufactured with a channel width
over length (W/L) ratio of 68200/10 um and 61600/15 um. Detailed information about the

manufacturing process of the all-inkjet-printed OTFTs has been reported in [4].

Before the degradation study, a simple encapsulation of the printed OTFTs was done using the 125 um
thick PEN Teonex® Q65FA, similar to the one used as substrate, as top cover and ester polyurethane as
adhesive. The PEN material was selected due to its effectiveness as a barrier against oxygen and
moisture [24]. Ester polyurethane is a well-known elastomeric adhesive for different application, e.g.
textiles, with high bond strength and wash resistance [25]. A scheme of the encapsulation barrier coating

is shown in Fig. 1. The bonding was performed in a flat press maintaining the temperature at 115 °C,



with a pressure of 30 N/cm? for 30 s. Temperature and pressure were applied only to the area defined

by the ester polyurethane material to avoid the influence on the OTFT (see Fig. 1).

The encapsulated OTFTs were submitted to the industrial home-textile processes calendering, dyeing,
washing and stentering within three weeks. The elapsed time between the device manufacturing
including encapsulation and electrical performance measurement of the treated OTFTs was four weeks.
Several OTFTs were subjected just to one process while others were submitted sequentially to all

processes, following the natural industrial fabrication of the textile items.

Tab. 1 shows an overview of the different treatment processes, the process duration and the process

conditions.

In the stentering process, the semi-finished textile substrates pass through a series of oven chambers for
drying and/or heating of the textiles. Temperatures up to 130 °C and a low pressure due to the transport
rollers were applied to the encapsulated OTFTs. The temperature treatments take about 200 s. Therefore,
the stentering process was selected to study the influence of temperature on the electrical performance

of the OTFTs.

In calendering, the OTFTs are subjected to high pressures as the textile passes through rollers where the
applied pressure and the surface temperature can be regulated. Accordingly, the calendering process was

chosen to study the influence of mechanical pressure on the electrical performance of the OTFTs.

In the dyeing process, the substrates are introduced into a solution with various dyes and auxiliary
products dispersed in a medium for coloring. As a result, the dye process is appropriate to study the
influence of the textile chemicals on the electrical performance of the encapsulated OTFTs. Finally, the
washing process consists on passing the fabric through several tanks with a set temperature. Due to the
nature of the textile industrial washing process, the OTFTs are subjected to a mechanical bending routine
imposed by the transit of the fabric through cylinders to immerse the fabric in tanks containing soap and

other chemicals for pH equalizing. The washing process used in this work has 50 cylinders with a



diameter of 13 cm where the fabric is immersed 24 times in the 4 tanks. All the industrial home-textile
processes referred in this work subject the printed OTFTs to inwards and outwards bending processes
at different points during the cycle. Based on all textile processes, namely stentering, calendering,
dyeing, and washing, a study on the influence of temperature, pressure, exposure to chemicals and

bending on the electrical performance of the encapsulated, all-inkjet-printed OTFTs is provided.

The optical images were obtained by a DM4000 (Leica Microsystems GmbH, Wetzlar, Germany)
microscope. The electrical properties of the OTFTs were characterized by measuring the current—voltage
(I-V) curves with a 2400 source/meter unit and a 6457 picoammeter with integrated voltage source from
Keithley (Keithley Instruments, Cleveland, OH, USA). Both device fabrication and all measurements

were performed in ambient conditions.

3. Results and Discussion

Fig. 2 shows the top view of an all-inkjet-printed OTFT consisting of a multilayer stack of gate electrode,
dielectric, source/drain electrodes. The semiconductor layer is not shown here to ensure better visibility
of the interdigitated source/drain electrodes. As it can be seen, the source/drain electrodes are well
defined having comparable high edge sharpness and thus allowing the formation of a dense interdigitated
network with a high channel width. The channel length has been optimized down to 10 um using the

laboratory inkjet printing system DMP2831.

Fig. 3a and 3b show the transfer and output characteristics, respectively, of the all-inkjet-printed OTFTs
with the W/L ratio of 68200 um/10 um. The parameters were extracted short time after manufacturing
without encapsulation and treatment. The obtained average values of the field effect mobility, on/off
ratio, threshold voltage and subthreshold swing were 0.198 cm? V' s, 8x10% 3.15 V, and 3.2 V/dec.
Fig. 3c and 3d show the transfer and output characteristics of the OTFTs with the W/L ratio of 61600
um/15 pm. The average values of field effect mobility, on/off ratio, threshold voltage and subthreshold

swing are 0.076 cm? V' s, 1.4x10°, 4.05 V, and 2.2 V/dec, respectively.



Fig. 4 shows the overlap capacitance between the gate and S/D electrodes for the all-inkjet-printed
OTFTs with the W/L ratio of 68200 um/10 um and 61600 um/15 um, before and after passing
sequentially though all textile processes. The overlap capacitance was obtained in depletion mode. In
the depletion mode, the overlap capacitance can be modeled as the series sum of two dielectrics, gate
dielectric layer and depleted layer of pentacene. It is observed an increase of the OTFTs overlap
capacitance after passing all textile processes when compared with the initial overlap capacitance. Due
to the semiconductor layer being more exposed, the results suggests that a change in the depleted
pentacene layer occurres mainly driven by the submission to the textile processes.Fig. 5 shows the
transfer and output curves of the OTFTs with a W/L ratio of 68200 um/10 um (Fig. 5(a) and 5(b)) and
corresponding curves for devices with W/L ratio of 61600 pm/15 um (Fig. 5(c) and 5(d)), after passing
through the different treatments of the textile manufacturing process (each graph is an average of data
from three OTFTs). Both individual treatment processes as well as the sequence of all treatment
processes are considered and compared with the OTFTs performance without any treatment (initial
characterization). As can be observed the OTFTs maintain their basic electrical functionality in all cases.
The treatment processes did not destroy the OTFTs, e.g. by short circuits due to a defective dielectric
and similar reasons. However, there is a noticeable degradation of the electrical characteristics which
depends on the textile process and the W/L ratio. The degradation seems to be more prominent for a
WI/L ratio of 68200 um/10 um as compared to 61600 um/15 um. Furthermore, the highest degradation

is observed as expected when subjecting the OTFTs to all processes in a sequence.

The average values of field effect mobility, threshold voltage, on/off ratio, and subthreshold slope of the

devices after passing through the different textile processes are shown in detail in Fig. 6(a)-(d).

3.1.Field effect mobility

The mobility of the OTFTs with L=15 umis 60 % to 70 % less compared with the mobility of the device
with L=10 pum. This is caused by an increased number of interface boundaries of the pentacene crystal

with an increment of 50% in the channel length.



Fig. 6(a) shows the obtained field effect mobility of the OTFTs devices after submission to the different
textile processes for both W/L ratios. The observed average degradation in the field effect mobility of
the OTFTs with L=10 um is about 34 % while for the L=15 pm the degradation is 23% when considering
the treatment with all textile processes. The process with the largest influence on the field effect mobility
was washing, followed by stentering. On the other hand, the process with the lowest influence was
calendering, followed by dyeing. These results suggest that the bending at a regulated temperature of 98
°C, introduced by the small diameter rolls during the washing process strongly decreased the obtained
field effect mobility of the OTFTs. Previous works [13] have shown that the performance of the
pentacene semiconductor does not vary after 30000 bending tests with OTFTs having a W/L ratio of
500 pum/25 um. However, here much larger OTFTs were used and thus the impact of the bending is
assumed to be higher. Additionally, the temperature application in the washing process has to be taken
into account. It is expected thus that with the use of smaller OTFT structures, the influence of the

bending present in washing will be less relevant.

The temperature of the stentering process appears as the second most influential physical condition on
the field effect mobility. As shown in Fig. 6(a), the mobility decreased from 0.198 cm?V.s to 0.143
cm?/V.s (about 28 %) for the OTFTs with L=10 pm and from 0.076 cm?V.s to 0.064 cm?V.s (about 16
%) for OTFTs with L=15 pm comparing the initial measurement and the measurement after the
stentering process. According to a study related to the appearance of cracks in TIPS-pentacene films by
exposure to temperature and mechanical forces [26], a phase transition takes place at 124 °C which
results in the development of cracks in the pentacene crystal film. In this study, tests were performed
before and after heating the TIPS-pentacene. A decrease in field effect mobility between 50 % and 80
% was observed after heating to a temperature of 120 °C for 20 minutes. Fig. 7 shows the optical
microscope image of the pentacene crystal after sequential submission to all treatment processes. It is
possible to observe the presence of interface regions in the pentacene crystal mainly with a direction
perpendicular to the textile fabric process flow. Accordingly, the results obtained reflect the creation of

the interface regions in the pentacene crystal by the effect of high temperature and by the bending



process, with the process of stentering being one of the most relevant due to the high temperatures that

are close to the transition temperature of TIPS-pentacene.

The average degradation of the field effect mability when subjecting the OTFTs to the dyeing process
is about 20 % for the OTFTs with L=10 pm and 11 % for OTFTs with L=15 pum. The degradation
observed after this process is lower than those observed in the processes of washing and stentering. As
a result, moisture and chemicals have less influence on the degradation since the encapsulation of the
OTFTs protects the semiconducting layer sufficiently, featuring temperature and bending as the

parameters with more relevance.

Finally, the results show that the pressure applied in the calendering process has the lowest influence on
the field effect mobility. The average degradation is 15 % for OTFTs with L=10 um and 9 % for OTFTs

with L=15 pm.

3.2.Threshold voltage

Fig. 6(b) shows the measured values of the threshold voltage. The results indicate that the threshold
voltage undergoes a change of larger magnitude when the channel length is shorter (L=10 um). A
positive shift in the threshold voltage of 7.20 V appears in the OTFTSs that are submitted sequentially to
all treatment processes. In comparison, in the case of OTFTs with larger channel length (L=15 pum) the
threshold voltage is positively shifted by 4.37 V. This implies an increase of the threshold voltage of
228 % for OTFTs with L=10 um and 108 % for OTFTs with L= 15 um. Therefore, the influence on
lower channel length devices is again much higher than on larger channel length devices as already

noticed for the field effect mobility.

Analogously to the degradation of field effect mobility, the threshold voltage is more influenced by the
washing process, indicating that the mechanical effect of bending at a temperature of 98 °C induces
defects in the semiconductor. The second most influential physical-chemical condition on the threshold

10



voltage is the action of temperature through the stentering process, with an average increase of 4.06 V
and 3.49 V (corresponds to an increase of 129 % and 86 %) for the different channel L=10 pm and L=15
um, respectively. Finally, pressure, humidity and chemicals present in calendering and dyeing appear as
physical-chemical conditions with less influence on the threshold voltage. This confirms the result of
field effect mobility and indicates again the high stability of the encapsulation against humidity, pressure

and various chemicals.
3.3.0n/off current ratio

Fig. 6(c) shows the obtained on/off current ratio as a function of the different treatment processes of
textile manufacturing for OTFTs with L=10 um and L=15 um. As for the other electrical parameters
studied before, a degradation of the on/off current ratio is noticed when the OTFTSs are submitted to the
different treatment processes. The highest degradation of 66 % for OTFTs with L=10 um and 40 % for
OTFTs with L=15 pum was determined when exposing the samples to all treatment processes.
Furthermore, the on-current Ips is decreased to 13 % and 31 % while the off-current is increased up to
151 % and 25 % for the W/L=68200 um/10 pm and W/L=61600 pm/15 um channel OTFTS,
respectively. Thus, the attenuation of the on/off current ratio is mainly due to the off-current fluctuation.
As a result, the on/off current ratio undergoes a significant decrease when the channel length is shorter

(L=10 um) as compared to the larger channel length OTFTs (L=15 um).

In accordance with the previous results, the on/off current ratio is more influenced by the bending mainly
applied in the washing process. The temperature in the stentering process appears as a physical condition
which induces a reduction in the on/off current ratio similar to bending. The effect of dyeing and

calendaring on the threshold voltage is comparatively low.
3.4.Subthreshold slope

Figure 6(d) shows the average values of the subthreshold slope of the OTFTs. An increase of 0.6 V/dec

is obtained for the OTFTs with L=10 pm and 0.85 V/dec for the OTFTs with L=15 pum.

11



Once again, the mechanical bending applied in the washing process has the biggest influence on the
subthreshold slope with an increase 0.56 V/dec and 0.70 V/dec (corresponds to 18 % and 32 %).

Calendering and dyeing have the lowest effect on the subthreshold slope.
4. Summary and conclusions

OTFTs with different W/L ratios were manufactured on flexible PEN substrate using inkjet printing.
TIPS-pentacene was employed as semiconducting material. We could obtain a very low channel length
in the range of 10 um and 15 pm — without any pre-patterning or sophisticated alignment methods. The
best OTFTs have an average field effect mobility of 0.198 cm? V' s and an on/off ratio of about
1.4x10°. After a simple encapsulation of the OTFTs, a degradation study was performed based on
processes usually applied in textile manufacturing. The focus parameters were the field effect mobility,

threshold voltage, on/off ratio and the subthreshold slope.

All the OTFTs were still functional after the different treatments. The influence of the physical
treatments on the electrical performance are much more dominant than the chemical and temperature
treatments. This implies that the encapsulation is very stable ensuring a good protection against water
and oxygen over the time scale studied here [27]. However, since it is flexible and thin, it has limited
protective properties against bending and temperature, respectively. Furthermore, we could identify a
degradation of the electrical performance as a function of the treatment process and the W/L ratio. Inall
of our studies, a higher degradation occurred in the OTFTs with a shorter channel length (L=10 pm).
We ascribe this result to defects in the crystal structure of TIPS-pentacene, which has more influence
on the optimized performance of lower channel length OTFTs with the appearance of crystal interface
regions characterized by poor mobility. The highest degradation obtained was for the on/off current.

Here, the degradation was about 60 % followed by a positive shift in the threshold voltage of 7.20 V.

The mechanical bending introduced by the washing process is the condition that mainly influences the
performance of the all-inkjet-printed OTFTs. Crack formation takes place in the semiconductor layer
decreasing the electrical performance. However, it is expected that the electrical performance

degradation caused by bending is minimized by the use of smaller OTFTs. Temperature is the physical

12



condition with the second largest influence on the printed OTFTs. The used encapsulation is relatively
thin and the TIPS-pentacene film, after several minutes of exposure to high temperatures, initiate a phase

transition inducing crack formation in the OTFTs.

The results obtained are encouraging for applications of OTFTs with TIPS-pentacene semiconductor
integrated in textiles. Ensuring a proper encapsulation of the devices with our simple approach results
in very high stability against water, moisture and chemicals usually applied in textile manufacturing. By
limiting mechanical bending and high temperatures, the OTFTs still have sufficient electrical

performance for potential functional applications integrated in textiles.
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Figures and Figure Captions
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Fig. 1. Scheme of the encapsulation approach for the printed OTFTs.
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1000 um

Fig. 2. Optical microscope image of the all-inkjet-printed OTFT structure with channel ratio
W/L=61600/15 um
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Fig. 3. Electrical characteristics of all-inkjet-printed OTFTs without any treatment. (a)
Transfer and (b) output characteristics of the TFTs with W/L ratio of 68200 um/10 pum. (c)
Transfer and (d) output characteristics of the OTFTs with a W/L ratio of 61600 pum/15 pm.
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Fig. 4. Overlap capacitance as a function of frequency for the all-inkjet-printed OTFT with
the channel ratio of W/L=68200 um/10 um and W/L=61600/15 pum.
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Fig. 5. Electrical characteristics of the printed OTFTs before and after submission to the
different treatment processes applied in textile manufacturing. (a) Transfer and (b) output
characteristics of OTFTs with W/L ratio of 68200 um/10 um (c) Transfer and (d) output
characteristics of OTFTs with W/L ratio of 61600 pm/15 um.
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Tab. 1. Characteristics of the selected textile processes applied to the printed OTFTSs.
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Fig. 7. Optical microscope image of the semiconductor in the OTFT after sequentially

submitted to all home textile treatment processes.

Temperature Pressure Fabr_lc Time of Number of .
Process °C] [N/cm?] Velocity Process [s] 2553065 Chemicals
[m/min] passag
Calender 98 305 25 20 1
Sodium chloride;
Dyes;
Dye 98 70 1005 2 Caustic soda;
Sodium hydrosulfite;
Hydrogen peroxide.
15‘dtank: 96
2" tank: 96 Soap;
Wash 3 tank: 96 1.25 40 120 1 Acetic acid.
4" tank: 70
15t chamber: 100
2" chamber: 110
34 chamber: 130
Stenter 41 chamber: 130 0.87 15 200 1

5t chamber: 130
6™ chamber: 130
7t chamber: 130
8t chamber: 130
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