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Abstract Inkjet Technology is often mis-believed to be a deposition/patterning technology which is not meant for high
fabrication throughput in the field of printed and flexible electronics. In this work, we report on the 1) printing, 2)
fabrication yield and 3) characterization of exemplary simple devices e.g. capacitors, organic transistors etc. which are
the basic building blocks for logical circuits. For this purpose, printing is performed first with a Proof of concept Inkjet
printing system Dimatix Material Printer 2831 (DMP 2831) using 10 pL small print-heads and then with Dimatix
Material Printer 3000 (DMP 3000) using 35 pL industrial print-heads (from Fujifilm Dimatix). Printing at DMP 3000
using industrial print-heads (in Sheet-to-sheet) paves the path towards industrialization which can be defined by printing
in Roll-to-Roll format using industrial print-heads. This pavement can be termed as “Bridging Platform”. This transfer to
“Bridging Platform” from 10 pL small print-heads to 35 pL industrial print-heads help the inkjet-printed devices to
evolve on the basis of functionality and also in form of up-scaled quantities. The high printed quantities and yield of
inkjet-printed devices justify the deposition reliability and potential to print circuits. This reliability is very much desired
when it comes to printing of circuits e.g. inverters, ring oscillator and any other planned complex logical circuits which
require devices e.g. organic transistors which needs to get connected in different staged levels. Also, the up-scaled inkjet-
printed devices are characterized and they reflect a domain under which they can work to their optimal status. This status
is much wanted for predicting the real device functionality and integration of them into a planned circuit.

INTRODUCTION

Inkjet technology finds it use in a wide variety of precision applications. It is a renowned, but yet an adaptable
additive technology for depositing precious functional electronic materials. One of such applications is the inkjet
printing of electronic devices and circuits. Recently, many research papers have been published which have involved
inkjet technology for fabricating the electronic devices and circuits such as organic thin film transistors and
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capacitors for various applications [1-11]. These applications have been either aimed for optimizing of the
individual electronic device or for integration towards fabricating an electronic circuit operating for a specific
purpose [1-12]. But, very less focus has been concentrated on the fabrication yield of the electronic devices and
possible circuitry. Especially in case of electronic circuits where different electronics devices are connected in
defined arrangement, the stability of a deposition technology becomes very important [10-11].

In most of the researches, laboratory desktop inkjet printers are used for fabricating electronic devices using
either conventional or un-conventional functional inks. Here, this kind of the printing stage where proof of concept
devices is manufactured not for high yield is termed as “Laboratory Platform”. It is noted that these printers have
many constraints which do not allow the electronic devices to show high fabrication yield and characteristic
performance. Shown below in Fig. 1 (a), (b) and (c) are the printing defects for Source/Drain electrodes (thickening
of the inter-digitated Source/Drain finger causing short circuit) and layer in-homogenities in case of dielectrics
(ripple formation). These defects are caused either due to the ejected drop instability or the usages of the limited
number of jetting nozzles at par with the fast evaporation of the solvent from the deposited ink layer. It can be
concluded that this deposition platform is not suitable where the primary requirements are high deposition speed and
stability; and also homogeneity in the interfacial layers at the multi-layered stack for electronic devices.

(2)

FIGURE 1. Microscopic image of (a) short circuits between the Source/Drain electrodes; and microscopic image of in-
homogeneities over the printed layer for (b) dielectric ink no.1, (¢) dielectric ink no.2

On the contrary, “Bridging Platform” refers to an intermediate up-scaled deposition stage where the industrial
print-heads are used for a Sheet-to-Sheet manufacturing platform. This up-scaling process can be explained by the
usage of large number of nozzles and also the drop volume related to the industrial print-head used while printing.
All the deposition parameters which are used in this Bridging Platform can be furthermore used and transferred
when printing on Roll-to-Roll manufacturing platform (based on Inkjet Technology). This Bridging Platform can
also be defined as the evaluation stage for an industrialized manufacturing process, where relatively huge numbers
of electronic devices are printed with moderate speed and these devices are afterwards tested for the characteristic
performance with respect to the fabrication yield obtained. From the results, it can also be predicted if this Bridging
platform is suitable for fabricating electronic logical circuits. Herein, we demonstrate the concept of Bridging
Platform with the experimental setup which shows the characterization results obtained for the various inkjet-printed
devices.

MATERIALS AND METHODS

Following methodology and materials were adapted for accomplishing the printing of different electronic
devices on the A4 sized (210 mm X% 297 mm) polymeric foil.

Materials

Three basic functional inks were used for printing the different electronics devices. Exemplary a) silver nano-
particle ink (SunTronic EMD 5603 from SunChemical) was used for printing the conductive layers/electrodes, b)
cross-linked poly(vinyl phenol) (cPVP, chemicals from Sigma Aldrich and laboratory synthesized) was used for
printing the dielectric, and c¢) FS0087 (from Flexink) an amorphous polymeric ink was used for printing the organic
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semiconductor layer for the printing various electronic devices eg. resistors, capacitors, organic thin film transistors
(OTFT), antennas, etc. Substrate: poly (ethylene naphthalate) (PEN) foil (Teonex Q65FA-125 pum acrylic coated and
heat stabilized foil, from DuPont Teijin films).

Method

Deposition Technology: The selected inkjet printer used for printing the electronics devices was Dimatix
Material Printer 3000 (DMP 3000) from Fujifilm Dimatix. SE3 industrial print-heads from Fujifilm Dimatix were
installed in DMP 3000 and were used for depositing the three basic layers which are conductive layer/electrodes,
dielectric and conductive layer/electrodes. A typical architecture of a SE3 print-head can be seen in the Fig. 2 (a)
and (b) below along with the waveform adapted for higher drop volume [12]. In Fig. 2 (c) the jetting waveform for
10 pL print-head is depicted with the thicker line and SE3 industrial print-head with the thicker line. SE3 print-heads
can eject a nominal drop volume of 35 pL from a swath of 128 available nozzles for printing.
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FIGURE 2. (a) Photograph of SE3 industrial print-head with DMP 3000 jetting assembly containing SE3 print-head installed
within the system, (b) internal architectural dimensions of a SE3 industrial print-head, and (c) jetting waveform for SunTronic
EMD 5603 silver ink for DMC 10 pL print-head (grey line) and SE3 industrial 35 pL print-head (black line)

TABLE 1. Deposition parameters for the different printing layers and for the various electronic devices (exemplary)

Laver Targeted Jetting No. of
Y Layer inkjet-printed Ink Print-head Drop Space frequency :
Sequence . nozzles
device & Voltage
1 Bottom Gate/ c%)%%l:c[osrs, Sﬁgrggé; SE3, 40 um 5 kHz, Approx.
’ Electrodes .o . . 35pL K 90-100V 70
resistors silver ink
) Middle capacitors, dif:{)e\(igic SE3, 2(3;/51? 1“ (;n ’ 5 kHz, Approx.
’ Dielectric OTFTs . 35pL 75-80V 70
ink pm step
Source/ Drain . SunTronic 35-50 um
capacitors, SE3, . ’ 5 kHz, Approx.
3. or Top Contact OTFTs EMD 5'603 35 pl. with 5 um 90-100 V40
Electrode silver ink step
Organic DMC, 5 kHz, Approx.
4. Semiconductor OTFTs FS0087 10 pL 20 pm 2023V 10-12

With correspondence to the drop volume, the drop space (um) or the resolution in dots per inch (dpi) the digital
patterns were adapted and then designed. The patterns are adjusted such that around 400 to 600 individual kind of
electronic devices or mixture of both are includes in one A4 sized sheet. The SunTronic EMD 5603 silver ink used
for printing the Bottom Gate/ Electrodes and the Source/Drain or Top Electrodes was sintered in convection oven at
135 °C for 30 min. On the other hand, cPVP dielectric ink layer was first let to dry at the fume cupboard for 30 mins
and then thermally cured in the vacuum oven at at 120° C for 1 hr. The OTFTs discussed here are inter-digitated,
this assures higher efficiency of the OTFTs. Preliminary tests are also included for determining the optimal drop
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space for printing Source/Drain electrodes. Exemplary, digital A4 sheets containing OTFTs with Channel Length/
Channel Width (W/L) ratio of 1000 is considered. Different drop spaces are varied for obtaining the variability in
the performance of the OTFT device. Also the digital pattern for other devices such capacitors and resistors are
adapted for printing on A4 sized foils. The active areas and layer thicknesses of the capacitors are varied and then
the yield of the working devices was calculated. Similar kind of variability is also performed for the printing of
OTFTs. The digital patterns are adjusted by incorporating the design compensation rules for the different
dimensions, device structures, architecture and layout of the individual printing layers. Below in Fig. 3 (a) an
example is shown where the printing workflow and the pattern compensations are defined. Here in Fig. 3 (b),
compensation of the digital images is shown. This indicates the addition of some pixels at the beginning of the
Source/Drain Electrode, which will compensate the intrinsic deficiency of the inkjet printer.

In contrast to the devices which are printed with the industrial equipment and print-heads, a logical inverter
circuit is also fabricated using Dimatix Material Printer 2831 (DMP 2831) from Fujifilms Dimatix (laboratory
desktop printer) and inexpensive DMC print-heads. In this case two OTFTs, one big with higher and the other one
with lower W/L ratio is considered to be connected.

4. Organic Semiconductor Organic Semiconductor
3. Source/Drain or Top Contact Electrode
2. Middle Dielectric Dielectric
1. Bottom or Gate Electrode
] Gate

Compensation in
digital image

\ NO compensation in
' digital image
1

(b)

FIGURE 3. (a) Schemes for printing OTFTs by using digital bitmaps arranged for A4 size deposition and architecture for OTFT,
and (b) Example of a single OTFT (Source/Drain electrode) digital bitmap which shows with and without implementing the
compensation tools

Characterization Techniques: The mentioned devices are optically characterized by light microscopy using a
Leica DM 4000 M light microscope. The layer morphology and thickness is measured by mechanical surface
profile-meter Dektak 150 from Vecco. Also, the devices are electrically characterized using a semi-automatic
measurement probe station equipped with a voltage source meter and the data accumulation and storage is also done
automatically using the compatible software routines. All the electrical measurements for the different kind of
devices are done under standard atmospheric condition.

RESULTS & DISCUSSIONS

Below in Fig. 4 microscopic images of the drops, lines and solid rectangles are shown. These are the basics for
printing several kinds of devices e.g. capacitors and OTFTs, using the mentioned SunTronic EMD 5603 silver ink
and cPVP dielectric ink respectively. From the microscopic images in Fig. (a) and Fig. 4 (f), it was seen that the
average diameter of a printed 1) silver drop on foil is 80 £ 5 um, and 2) cPVP drop on foil is 85 £ 10 pm. Similarly,
a printed silver line had an average line width of 100 + 5 um. The effects of evaporation on the wet printed layers for
the two dissimilar inks (silver & cPVP) are different. From the microscopic images in Fig. 4 (f) and (g) it can be
seen clearly that for printed cPVP drop and also solid areas, the cross-sectional thickness at the borders of the layer
are much higher when compared to the silver layer. Below in Fig. 4 (d) & (h) shows the cross-sectional surface
profiles of the two printed ink drops. The average drop thickness of silver and cPVP was found to be 280 = 10 nm
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and 370 + 70 nm respectively. Similarly the coffee ring effect can also be seen in the printed layers. Below in Fig. 4
(e) and (i) are shown the sectional layer profiles for printed silver (drop space of 40 um, average layer thickness of
0.65 £ 0.2 um) and cPVP (drop space of 30 um, average layer thickness of 0.93 + 0.45 pum) layers. This high
deviation in the thickness value for the printed cPVP layer is due to the peaks at the border. But at the active area,
the measured layer thickness was found to be 1.5 + 0.3 um).
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FIGURE 4. Microscopic images of (a) drops, (b) lines, (c) solid area printed with SunTronic EMD 5603 silver ink on foil;
surface profile of (d) drop and (e) solid area printed from SunTronic EMD 5603 silver ink; microscopic images of (f) drops and
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(g) a solid area printed with cPVP dielectric ink on foil; and surface profile of (d) drop and (e) solid area printed from cPVP
dielectric ink
Below in Fig. 5 (a), (b) and (c) shows the microscopic images of all inkjet-printed devices e.g. resistor, capacitor
and OTFT printed on flexible A4 sized foils, which are fabricated with the industrial printing equipments.
Exemplary results are shown for the printed devices e.g. capacitors and OTFTs.

(a) (b) (©)

FIGURE 5. Photograph & microscopic images of different all inkjet-printed devices (a) resistors, (b) capacitors and (¢) OTFTs
on A4 sized foil

Capacitors: Below in Fig. 6 are the graphs which show the electrical properties of the printed capacitors. The
indicated results are derived from 420 capacitors which are printed in 3 different sheets but with the same deposition
process parameter. It can be seen from Fig. 6 (a) that there is no significant change in the normalized capacitance
value when the active area of the capacitor is changed from 1 mm® to 16 mm® for drop space of 40 pm. The
deviation caused in the capacitance is much higher when the drop space is increased from 50 pm to 60 pm. The
reason can be due to the varied layer thicknesses and also the varied morphology obtained due to the evaporation-
induced material transport flows inside the deposited layer. Also it could be seen that for higher active areas, the
number of failing devices increase and therefore the yield decreases. The best compromise achieved for getting the
maximum stable capacitance is in the range of 1 mm?” to 9 mm” when the variables like drop space, fabrication yield
and active areas is considered.

10.0 100.0
~ @ 40 um
=
L
= —_
= 2
2 o1 = 50.0 1
8 2
'S -
[
2
]
Q
0.0 0.0 -
1 4 9 16 25 1 4 9 16 25
Active area [mm?] Active area [mm?]
(a) (b)

FIGURE 6. Graph showing function of (a) normalized capacitance over varied active areas and drop spaces, and (b) yield
percentage over active area for the all inkjet-printed capacitors (for drop space 40 pm)

Organic thin film transistors: Below in Fig. 7, are shown the microscopic images for the all inkjet-printed
OTFTs (exemplary). In total 616 OTFTs were printed with stable deposition process parameters. The most critical
deposition step for fabricating OTFTs was the printing of the Source/Drain electrodes. The drop space for printing
the Source/Drain electrodes were varied between 35 pm to 50 um (step of 5 um drop space). Drop space of 50 um
gave rise to maximum number of open circuit defects, where the inter-digitated Source/Drain electrodes were not
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connected totally. And, at the lower drop spaces (35 um and 40 um) resulted into higher percentage of interruption
between Source/Drain electrodes which gives rise to short circuits. As a result, the most appropriate drop space was
found to be 45 um. Below in Fig. 7. (a), (b) and (c), the real channel lengths achieved after the printing and post-
treatment process are shown. It was found that for a digital channel length of 40 pm, 50 um, and 70 pm; a real
channel length of 25 £ 10 pm (mainly short circuits), 30 = 5 pm (good OTFTs) and 50 + 10 um (operational
OTEFTs) respectively could be achieved. Therefore a digital channel length of 40 um was selected which provided
the least number of short circuits for a stable printing process condition.

Short circuits
between
Source/Drain
electrodes

Increasing Channel Length for
Source/Drain electrodes on dielectric

(a) (b) (c)
FIGURE 7. Microscopic image of Source/Drain electrodes using digital channel lengths of (a) 40 um, (b) 50 um and (¢) 70 pum

Figure 8. (a), (b) and (c) refer to the electrical performance exhibited by the OTFTs printed with similar
deposition process condition and also same configuration (W/L = 1000). It can be seen that the current at

Source/Drain (ON current) increases with the increasing drop space or lower layer thickness for the cPVP dielectric
and so as the OFF current.

1.0E-04 1.0E-06 5— 1.0E-06 g—
= =
1.0E-06 S [E
1.0E-08 4 3 1.0E-08 45 3.p11-
.OE- O .OE- IU "
1.0E-08 ] H 101E-
1 3.p3p- |08
i b
10
1.0E-10 1.0E-10 1.0E-10
20 30 40 50 20 30 40 50 20 30 40 50
Drop space [pum] Drop space [um] Drop space [um]
(a) (b) (©)

FIGURE 8. Graph showing the OTFT (W/L = 1000) performance as a function of cPVP dielectric layer thickness (varied drop
space) (a) Source/Drain current, (b) OFF current, (c) Gate/Source current through the cPVP dielectric layer

A maximum and a minimum Source/Drain current of 2.5 pA and 24.4 nA were obtained, when the layer
thickness for the cPVP dielectric is the maximum and minimum respectively. This can be correlated inversely with
the drop space of 50 pm and 35 pm. On the contrary, the leakage current through the Gate dielectric also increases
with increase in the drop space. This is due to the instability arising from the dielectric when the layer thickness is
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lowered. Therefore a compromised drop space of 40 um is suitable for a reasonable electrical characteristic which
will give the lowest leakage current. The highest ON/OFF ratios and the charge carrier mobility for the used organic
semiconductor for the OTFTs were obtained at drop space 40 um and 50 um (drop space for cPVP dielectric). In
total, it was found that yield of about 70 % could be achieved from the OTFT discussed here (similar and good
working devices).

Also, an all inkjet-printed inverter was developed within the TDK4PE consortium (EU funded project). As
mentioned earlier, the inverter performance shown below is fabricated from the laboratory desktop inkjet printer
using inexpensive print-heads. The inconsistent stability in the printing process of the entire inverter circuit
indicated low fabrication yield. The inverter showed an approximate gain of 2.5 and the performance of the inverter
persistently degraded during the prolonged basing process. Hence this indicates the requirement towards a more
stable fabrication process for the electronic devices suitable to fit into the criteria for building-up electronic logical
circuits.

SUMMARY

As a summary it can be stated that inkjet technology has a massive potential towards printing of large area
electronics on flexible substrates. Herein, the inkjet printing of electronic devices such as capacitors, resistors and
OTEFTs have been exhibited with the varying morphological and electrical characteristics. The fabrication yield of
all inkjet-printed capacitors (printed with industrial print-heads and equipments) show an adverse trend towards the
increasing deposited area and also the drop space. These adverse trends are seen because of the transfer of the cPVP
(dielectric material) towards the edges during the drying process of the printed layer. The fabrication yield for the
Source/Drain electrodes of the all inkjet-printed OTFTs (printed with industrial print-heads and equipments) show
the direct correlation with the increasing drop space. As the drop space increases, the amount of defects caused due
to the short circuit between the Source/Drain electrodes decreases. This yield mostly reflects the absolute fabrication
yield for the printed OTFTs. The printed OTFTs performance is also exhibited with the varying drop space for the
printed cPVP dielectric layer. The up-scaled inkjet deposition process for fabricating the electronic devices from
print-heads delivering 10 pL to 35 pL drop volume, and from the used 16 to 128 nozzles give rise to different layer
morphologies and hence also the devices characteristics. The routes to achieve higher fabrication yield for the all
inkjet-printed electronic devices suitable for logical circuits on flexible substrates are the possible only with the
industrial print-heads and equipments.
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