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Abstract

High throughput manufacture is of key importance for flexible electronics based on functional
organic thin films. One challenge in particular is patterning at high speeds. In this paper we
present results of organic transistors created using in-vacuum flexography patterning. This
combines an industry standard patterning method with resolution good enough to create
functional devices.

Optimisation results of the patterning process and analysis of the printed devices will be
presented. Specifically the impression force and printing speeds are varied to optimise the
print quality, which is quantified using image analysis. These results inform the theory of ink
transfer and the limits of this technique in terms of resolution and process parameters. As
proof of concept, common gate, top contact transistors are created as per previous group
results (1) but without the use of shadow masks to create the aluminium contacts. Masked
and metal patterned devices are compared and show the compatibility of this technique for
our transistors; while increasing the production throughput the performance is not diminished.
This paper will also demonstrate that range of applications this production technique could
have.
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1. Introduction

This research paper is focused on the question of feasibility for commercial application of flexography
for deposition of patterned layers for flexible electronics. It investigates the compatibility of the
materials with the organic electronics, and presents arguments for the viability of the production
method for organic electronics (OE), in particular for organic thin film transistors (OTFT’s). By bringing
together organic electronics with a mass production method, the results expand scientific
understanding of the material compatibility and process mechanism viability. Viability and
compatibility depend on the particular device requirements and process aims, so they are examined
in the following sections for the particular case of an organic dielectric layer, which is a diacrylate:
tripropylene glycol diacrylate (TPGDA), for OTFT’s with a bottom gate top contact planar structure.
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1.1. Viability of Flexography

Viability experiments test the production process’ abilities in order to determine whether the process
could be a method of production. If a process is viable its mechanisms and physical properties will be
understood sufficiently such that the required OE device can be fabricated. An unviable production
process could not create the required device due to the physical limitations of the process.
Investigating viability requires an understanding of the origins of the process, the level of industrial
know-how and skill required, and the physical mechanistic constraints. This section expands on these
themes for flexography printing.

Flexography dates to the printing press industry at the turn of the 20" century and has since been
developed and improved so that it now holds a large market share of the graphics industry.(1,2) Its
success in the graphics printing field lay in the versatility of ink viscosities that could be used and the
anilox system which readily controlled the amount of ink transferred from inking system to plate and
subsequently to the substrate, see figure 1. The deposited ink thickness is about 1um, according to a
key textbook of graphics printing (3), which is similar or slightly thicker than the thickness required for
polymer dielectric layers. (4) The lateral printed dimensions that are achievable using standard graphic
flexography (in the order of a few 10’s microns) are similarly applicable with large area electronics,
but may be limiting for devices which require higher resolution patterning. It is evident from this
industrial know-how that flexography could be successfully applied to some OE thin film layers.

These features make flexography a viable process for OE production. As a mature production process,
the wealth of industrial know-how creates a fertile environment for trials to be conducted.
Furthermore the non-aesthetic but much finer tolerances required by OE layers have led to research
to make this printing press a suitable deposition system. Research (e.g. (5)) has clarified the process
parameters required for reliable, accurate and reproducible printing, in particular on commercial-
scale trials. (6)(7) As the flexography process is further specified by commercial scale trials and process
variable effects verified, it has become apparent that there are still questions surrounding the exact
nature of the ink transfer mechanism between patterned rollers, and conflicting results exist over the
effect of the process parameters such as velocity and impression force.(8-10) Advancing the
scientifically testable understanding of the ink transfer mechanism could lead to improvements in the
achievable resolution (for instance by controlling edge dewetting (11,12)) and so investigating
flexography’s viability could increase the feasibility of flexography patterning for organic electronics.
In this work flexography is performed in vacuum, such as would be used for deposition with solvent
free processes, so the effects of entrained air within the printing nip is removed, leaving only the
printing plate and ink rheology to affect the ink transfer.(5)
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Fig. 1 Schematic of the principal components of flexography printing displaying the movement of ink

from a micro-engraved anilox to the printing plate, where the ink is held on the raised relief pattern

and then transferred to the substrate which is held on an impression drum. This schematic shows a

complete ink transfer from the plate to the substrate, which is unrealistic, and also omits the anilox
inking process. See (3,13) for further descriptions.

1.2. Compatibility of Di-Acrylate Dielectric

Compatibility experiments test the effect of the production process on the materials involved to
determine whether the process could create the required device properties. A compatible process
would create OE devices with material characteristics as similar to the material selection ideal as
possible. An incompatible production process cannot fabricate the OE device with materials
characteristics good enough to function. For this industrial scale printing technique to be feasible for
OE production, the deposited thin film materials must be compatible not only with the OE but also
with the flexography tools and process. In this section the compatibility of TPGDA, which has been
shown to lead to good OTFT performance, with flexography is introduced by assessing the reported
scientific research on the materials in question.

In this investigation a silicone (polydimethylsiloxane (PDMS)) print plate was used in place of the
photo-curable rubber plate typically used industrially. PDMS was chosen for its ease of fabrication and
pattern-ability.(14,15) The printed material should not swell or react with the printing plate. PDMS is
chemically inert but will swell in nonpolar liquids. The compatibility of the chemicals printed with the
printing plate needs to be tested, as swelling could lead to pattern distortion.

Previous work has shown the material characteristics of TPGDA can create smooth organic dielectrics
when deposited using flash evaporation, and although it does not have high relative permittivity,
when used as a gate dielectric layer in OTFT’s the impressive bulk properties lead to very low hysteresis
devices with good mobility when combined with a nonpolar buffer layer.(16) The direct deposition of
the monomer within a vacuum environment, followed by curing of the cryocondensed liquid allows a
pin-hole free smooth dielectric layer to be formed over large areas. Using the liquid monomer as the
ink in the flexography process could produce similarly compatible thin films, but now with patterning,
to allow exposed areas for electric connections (vias) between devices. The ink transfer mechanism
should not adversely affect the monomer if shear forces are kept low enough to avoid degradation.
Furthermore the printing pressure of the ink impression should not damage the existing device layer
structure.



The existing coating method by flash evaporation relies on curing the monomer by the formation of
free radicals e.g. by UV radiation, e-beam or plasma(16). This post-printing cure following flexography
printing will allow pattern deposition of di-acrylate dielectrics. As a consequence, no drying or solvent
removal steps will be required due to the direct deposition, which increases the throughput which can
be achieved, and minimizes the risk of pin-hole formation on solvent removal. Other flexographic inks
show a relationship between the process parameters and material properties (17), this compatibility
remains to be investigated for these dielectric materials.

1.3. Mass Manufacturing of Organic Electronics

OTFT’s produced using flexography will be feasible if the flexography deposition process can be shown
to be compatible and viable. As a union of organic electronics and mass production a patchwork of
literature has been reviewed to show that there is a theoretical basis for conducting experimental
trials to deduce whether the process could be feasible. Furthermore, the results may lead to further
understanding of the mechanism of ink transfer within flexography which could subsequently increase
the viability and feasibility of this promising production process.

In this paper we will show the results of using this technique within a vacuum to create patterned
functional dielectric layers for OTFT’s. In the next section the fabrication and analysis process is
described in more detail to show that flexography printing in vacuum can be used to create thin films
which are compatible with organic devices. The thin film properties are compared with thin film
coatings, and then these results are discussed to conclude whether flexography is a viable and
compatible production process.

2. Methods

A simple laboratory scale flexography rig was created, see figure 2, which fitted into a laboratory-
scale vacuum chamber. In a single rotation of the impression drum the flexography plate, or print
head, rotated counter-wise to be impressed upon the substrate fixed to the process drum. In a single
rotation, first the print plate was inked by an inked membrane, of length equal to the plate
circumference, attached to the substrate (which mimics the anilox roller). Then the plate transferred
this liquid monomer onto the PET substrate or silicon chip in the pattern defined by the PDMS print
head. This liquid thin film on the process drum passed an Argon plasma which cured the monomer
to create the patterned acrylate dielectric polymer thin film.
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Fig. 2 Schematic of the experimental lab flexography set up with plasma curing following the patterning of monomer liquid to create the
cured acrylate pattern. This was all performed in a medium vacuum (0.1-1Pa)

The dielectric monomer, TPGDA, was purchased from Sigma Aldrich and used as-received. The
parallel plate thin film capacitor had a common bottom aluminium electrode which was a strip of
thermally evaporated aluminium on a polyethylene naphtalate (PEN) substrate. Regular stripes of
diacrylate were patterned in the cross direction across the common bottom electrode. The top
electrode was also aluminium which was thermally evaporated onto the patterned dielectric layer,
through a shadow mask and defined the area of capacitance measurement. Capacitance of the
patterned TPGDA was measured with capacitance meter (Tenma 72-7750). Thickness and line
roughness measurements were taken on a Dektak® stylus profilometer with the patterned acrylate
on polished silicon wafer.

The solubility parameter of TPGDA and PDMS were estimated using the Fedors additive function
method, see Table 1.(18) An immersion swelling test over 24 hours was also conducted to
corroborate the theoretical estimation, as per Lee et. al's work on PDMS swelling.(19)

Table 1 Fedors additive function summation table for TPGDA monomer group contributions.

Group Number Aei cal/mol Avi ecm3/mol
CH 5 820 -1

CH2 2 1180 16.1

CH3 3 1125 335

CcO 2 4150 10.8

COo2 2 4300 18

H2C= 2 1030 285

16 skeletal atoms 16 2

Total 28795 2743

3. Results

The diacrylate structure is known and TPGDA’s solubility parameter was found to 10.25cal*2.cm®?,
which is significantly different from that of PDMS: 7.3cal2.cm*2.(19) This suggests that swelling of
the printing plate by the ink should be negligible. Fedors claims a 10% accuracy when compared with
experimental values, assuming 25°C and that the vaporisation energy of the glass and liquid state are



the same.(18) This theoretical finding has been corroborated by experimental analysis:over 24 hours
there was no swelling observed in a PDMS sample.

The viscosity of the diacrylate used was 0.01mPa.S (sales literature). This is at the lower end of the
standard viscosity window for flexography (0.05-05Pa.s)(3) but the printed patterns still have good
fidelity to the patterned plate, see figure 3. Thickness and roughness measurement results are
shown in Table 2, with the maximum peaks being five times larger than the depth of the minimum
valleys. The capacitance was measured to be between 11 and 13nF.cm™ over three patterned
diacrylate stripes.

Table 2 Average thickness and line roughness measurements of the patterned diacrylate made using Dektak stylus
profilometry and the standard deviation of the five measurements.

Measurement Average Standard Deviation  unit
Thickness 40.67 0.70 nm
RMS Roughness 5.88 8.43 nm
Peak to Peak Height 36.14 6.04 nm

Fig. 3 Optical micrograph of the patterned diacrylate on a Si chip (darker regions) 1mm stripe patterned diacrylate has good pattern
fidelity but clear surface roughness.

4. Discussion

The Hildebrand parameter found is above the Lee et. al.’s definition of low solubility limit of 9.9cal*?cm™3/2
(19) and is similar to polymers which have a near zero swelling ratio with PDMS. Empirical swelling test
corroboration also means that the printing ink, that is the diacrylate monomer, will not distort the print plate
during a print, adding to the compatibility of the method. The Hansen solubility factor could inform more on the
type of swelling possible, not all solvents of similar Hildebrand solubility parameter lead to swelling with PDMS,
as this parameter is too broad a brush to paint an accurate correlation. However enough is known from Hansen
solubility parameter analysis that PDMS swells in the presence of non-polar chemistry, which the monomer in
guestion is not.Using a common material like PDMS meant the solvent compatibility was more readily calculable,
and resourcing and fabricating the printing plates simpler. These add to the compatibility of the process within
a lab environment but would need to be adapted for industry where photopolymer rubbers are currently used
as standard.

The low viscosity of the monomer could mean that similar print result would be difficult to achieve in industry
with a standard anilox inking system. Using an inking membrane, instead of a standard gravure inking method,
removed the extent of stringency on the viscosity range, as the print pressure will have a larger impact on the



ink transfer from the membrane than with an anilox roll, where ink ‘lift out’ of the cells is strongly affected by
the ink viscosity.(5)

The thickness and roughness measurements shed light on the printing and curing steps, and help determine
the viability of the process. Typically graphic inks have a thickness of approximately 1um but in this print, the
diacrylate thickness was only 40.67+0.7nm. Thinner dielectric layers, provided leakage current can be avoided,
are desirable for OTFTs, as this will reduce the required gate voltage. With a more viscous monomer liquid a
thicker deposition could be observed.

Tests with a longer levelling time and higher print pressures before curing of the patterned monomer on the
substrate resulted in similar thickness and roughness measurements. This suggests, then, that it is the plasma
curing step, rather than the ink transfer process, that had a large influence on the surface topography, and under
certain curing conditions such surface roughness has been observed previously.(20) It is possible the top
electrode formed a much larger contact area upon the diacrylate roughness. This anomaly could lead to the
surprisingly high capacitance values (of the same order of magnitude to coated flash evaporated values), despite
the layer thickness being an order of magnitude less. That said, the roughness was skewed, with shallow valleys
separated by sharp peaks, so that the valleys would not cause pinhole defects. However the topography of the
high capacitance diacrylate would be too rough to achieve the highly ordered crystalline organic semiconductor
at the interface that leads to high mobility OTFT’s.

Although there are currently some compatibility problems with the curing process which would need to be
improved for this monomer to be used as a high quality dielectric layer in OTFT’s, the results imply that
continuous and thin polymer films with high capacitance can be created with pattern printing process.

5. Conclusion

The results of this viability and compatibility investigation have shown that flexography is a viable
production method for creating organic dielectric patterned thin films. However these initial results
have highlighted that the cured diacrylate material with this first set of conditions leads to a surface
that is too rough to be compatible with OTFT’s. Further optimisation of the plasma curing step could
improve the surface roughness to match the good pattern fidelity despite the low viscosity of the
monomer. The surprisingly high capacitance values, given how thin the patterned diacrylate was, are
attributed to the surface roughness increasing the electrode area but it could also be a curing effect
or due to limitations in the simple capacitance measurement experiment.

This research paper has also shown that pursuing compatibility and viability can lead to increasing
the throughput or reducing cost in some circumstances, as shown with the removal of the drying
step with this in-vacuum direct deposition process. Furthermore, investigating the viability of
flexography has demonstrated a process that is not limited to OTFT’s, and other OE device layers
could be fabricated in this way.
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