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METHOD OF PRINTING ULTRANARROW-GAP LINES

TECHNICAL FIELD
[0001] The present disclosure relates generally to fabrication techniques for

printable electronic devices and, in particular, to a technique for printing narrow-gap

lines in fabricating a printable electronic device.

BACKGROUND

[0002] Printing processes as a means for material deposition is an efficient way
to increase material usage and to eliminate the photolithography process. One of
the major challenges for printing high-resolution patterns is limiting uncontrolled
spreading of ink on the substrate. In field-effect transistors, for example, a narrow
channel (the gap between source and drain electrodes) is required in order to obtain
a sufficient current at a low driving voltage with a high-frequency switching speed.
For example, high frequency (HF) Radio-Frequency Identification (RFID) tags
operate at a minimum frequency of 13.56 MHz; as a result, a printed HF RFID
requires a channel length of 1 to 5 ym. Conventional printing methods can only
reliably produce electrodes with a minimum gap of 10 um to 50 um, in order to avoid

an electrical short between the two electrodes.

[0003] Photolithography is a well-established method for the microfabrication of
thin film patterns, but it is a relatively high cost and complex method. A combination
of photolithography and printing processes has been demonstrated for the
fabrication of inkjet-printed organic thin film transistors (OTFTs). Sirringhaus et al.
demonstrated a printed channel length of 5 uym obtained using a photolithography
pre-patterning process. See Sirringhaus, H., Kawase, T., Friend, R.H., Shimoda, T.,
Inbasekaran, M., Wu, W., and Woo, E.P. Science 290, 2123 (2000). The gap
between two printed electrodes is defined by a patterned polyimide strip, which acts
as a barrier between electrodes and thus defines the channel length. Figure 1

shows a photolithography technique of the prior art.

[0004] Microcontact printing, using an elastomeric stamp as shown in Figure 2,
is another method to pre-pattern the ink barrier strips before printing conductive
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materials. Rogers et al. reported a 2 ym channel length by microcontact printing.
See Rogers, J.-A., Bao, Z., Makhija, A., and Braun, P. Adv. Mater. 11, 741 (1999).
However, the method is based on soft lithography, which involves the replication of

a stamp from a master fabricated by conventional lithography and etching.

[0005] A lithography-free self-aligned method to fabricate drain and source
electrodes with a narrow gap was proposed by Sirringhaus et al. in 2005. See
Christophe W. Sele, Timothy von Werne, Richard H. Friend, and Henning
Sirringhaus, Adv. Mater. 17, 997 (2005). It uses a carbon tetrafluoride (CF4) plasma
treatment to form a thin layer of fluorinated layer on the first printed PEDOT:PSS
electrode; as a result, a high surface energy contrast exists between the fluorinated
PEDOT:PSS and the substrate, and the second printed PEDOT:PSS droplets will

flow off to the substrate as shown in Figure 3.

[0006] As shown in Figure 4, a patterning method based on the control of
surface energy through a UV irradiation process with a photomask has been
demonstrated by K. Suzuki et al. (K. Suzuki, K. Yutani, M. Nakashima, A. Onodera,
S. Mizukami, M. Kato, T. Tano, H. Tomono, M. Yanagisawa and K. Kameyama,
International Symposium on Electronic Paper 2010;
http://www.ricoh.com/about/company/technology/tech/pdf/idw10paper.pdf) and

achieved a minimum gap of 2 um between two electrodes.

[0007] Tomoyuki Yokota et al. reported an electrostatic inkjet printing head using
0.5 femtolitter nozzle, which can obtain a printed Ag line width of 1 ym and a
channel length of 1 ym. See Tomoyuki Yokota et al. MRS Communications 1, 3-6,

2011and http://www sijtechnology.com/en/super_fine_inkjet/index.html.

[0008] Rogers also proposed electrohydrodynamic jet printing, in which a drop of
a conductive ink is sharpened by an electrostatic field. The method can produce
lines down to 1um in width. See also Park, J.-U., Hardy, M., Kang, S.J., et al., High-
resolution electrohydrodynamic jet printing. Nat Mater. 6(10), 782-789 (2007).

[0009] It is believed that commercial printing technologies can only achieve a
printed gap around 10 pym using the surface energy engineering technique. See W.
Tang, Y. Chen, J. Zhao, S. Chen, L. Feng, X. Guo, IEEE NEMS, p. 1171 (2013).
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[0010] There are many advantages of using a photolithography process for
microfabrication patterning, which include high resolution, speed and parallel
patterning capabilities, reproducibility, etc. However, the process complexity and
incompatibility between the materials and photoresists, solvents and developers are
the main challenges for low-cost printable electronics fabrication on flexible
substrates. A straightforward method to reduce cost is to develop a direct, printable

microfabrication patterning process to eliminate the photolithography.

[0011] The self-alignment method proposed by Sirringhaus achieved a
submicrometer channel length without photolithography. However, the fluorination of
the first electrode alters its physical properties and those of the resulting device; the
variations in gap sizes are too large to produce any useful circuit, as seen in Figure
3.

[0012] The Suzuki method to control surface energy is efficient, but a photomask
is still required, which limits the substrate size and flexibility of pattern design, and

increases the cost.

[0013] The electrostatic print head with femtoliter droplet has very limited printing

speed and only a single nozzle can be used to date.

[0014] Electrohydrodynamic jet printing produces the finest lines but the printing
is very slow, and charged ink drops may present problems in devices. The
electrostatic and electrohydrodynamic techniques seek to obtain fine patterns by
reducing the size of the drop being jetted, as shown in Figure 5, but do nothing to

control its spreading on the substrate.

[0015] Accordingly, a new or improved printing technique would be highly

desirable in order to facilitate fabrication of printable electronic devices.
SUMMARY

[0016] The present disclosure provides a new direct printing process for printing
lines with narrow gaps (referred to herein as “ultranarrow” gaps) without requiring
any pre-patterning or pre-coating of a high surface energy material. Surface energy

is a quantification of the disruption of intermolecular bonds when a surface is
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created. A high surface energy of a substrate enhances wetting of the ink. For the
purposes of this specification, “ultranarrow” shall be considered 10 ym or less. A
solvent in the ink causes swelling of the substrate to create a moat or embankment
that confines the ink, thus preventing the ink of one line from merging with the ink of

an adjacent line.

[0017] Accordingly, one inventive aspect of the present disclosure is a method of
printing ultranarrow-gap lines of a functional material, such as an electrically
conductive silver ink. The method entails providing a substrate having an interlayer
coated on the substrate and printing the ultranarrow-gap lines by depositing ink on
the interlayer of the substrate, the ink comprising the functional material and a
solvent that swells the interlayer to cause the interlayer to bulge at edges of the ink

to thereby define embankments that confine the ink.

[0018] This summary is provided to highlight certain significant inventive aspects
but is not intended to be an exhaustive or limiting definition of all inventive aspects
of the disclosure. Other inventive aspects may be disclosed in the detailed

description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0019] Further features and advantages of the present technology will become

apparent from the following detailed description, taken in combination with the

appended drawings, in which:

[0020] Figure 1 depicts a photolithography technique using pre-patterned

polyimid as ink barrier strips;

[0021] Figure 2 depicts a process diagram for PDMS microcontact printing;
[0022] Figure 3 depicts a drain self-alignment method;

[0023] Figure 4 depicts a technique for surface energy control;

[0024] Figure 5 depicts electrohydrodynamic jet printing;

[0025] Figure 6 depicts a formulated ink with ethanol printed on SU-8 with which

a gap of around 0.3 ym was obtained using the present method;
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[0026] Figure 7A depicts printed Ag lines with a channel length of 3 um on SU-8

using the present method;

[0027] Figure 7B depicts printed Ag lines with a channel length 4 uym on PVP

using the present method;

[0028] Figures 8A and 8B depict printed source and drain electrodes with gaps
of 3 um and 1.5 ym, respectively, for OFET fabrication (for which a directly printed

uniform channel length over 1 mm has been achieved) using the present method,;

[0029] Figure 9 is a scanning electronic microscope (SEM) image showing a

very clear and sharp edge for the printed Ag conductor tracks.

[0030] Figure 10 is a graph plotting characteristics of an OFET printed using the

present method;

[0031] Figures 11A and 11B depict printed Ag lines with 3 um gap analyzed by

an optical profiler;

[0032] Figure 12A depicts two printed lines which are separated (isolated) by the

swollen SU-8 polymer;

[0033] FIG. 12B depicts a data output interface of a surface profiler application

showing numerical profile characteristics obtained using the present method;

[0034] Figure 13 depicts first and second printed lines in which the second line
(on the upper side of the image) bends along the edge when the ink spreads
because its displacement is limited by the swollen edge of the first printed line (on

the bottom of the image); and

[0035] Figure 14 schematically depicts the formation of ink-confining
embankments which are formed by the swelling of the substrate caused by the ink-

containing solvent.

[0036] It will be noted that throughout the appended drawings, like features are

identified by like reference numerals.
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DETAILED DESCRIPTION
[0037] Disclosed herein is a method of printing ultranarrow-gap lines of a

functional material. In general, the method entails providing a substrate having an
interlayer coated on the substrate and printing the ultranarrow-gap lines by
depositing ink on the interlayer of the substrate, the ink comprising the functional
material and a solvent that swells the interlayer to cause the interlayer to bulge at
edges of the ink to thereby define embankments that confine the ink. The
ultranarrow-gap lines may be printed simultaneously. The ultranarrow-gap lines
may be printed to define source and drain electrodes of a thin-film transistor of a
printable electronic device. Using this method, it is possible to print ultranarrow-gap
lines having a gap smaller than 10 ym, e.g. 3-4 ym. For a length of 1 mm, it is
possible to print lines having a gap smaller than 3 ym, e.g. 1.5-3 ym. In various
embodiments, the solvent may be ethanol, methanol, butanol, ethanediol, ethanol,
glycerine, 2-isopropoxyethanol or any suitable combination thereof. In some
embodiments, the interlayer is SU-8 being composed of a fully epoxidized
bisphenol-Afformaldehyde novolac co-polymer. In other embodiments, the
interlayer is polyvinylpyrrolidone (PVP). The functional material may be an
electrically conductive ink such as, for example, a silver nanoparticle ink or any
other equivalent ink. The substrate may be selected to be impermeable to the silver

nanoparticle ink.

[0038] This method thus provides a high-resolution microfabrication patterning
technique that employs a direct printing process that does not involve
photolithography. Since the lack of control in inkjet printing is mostly due to
uncontrolled spreading of the ink drops on substrates, the new method controls the
interaction between the ink and substrate (or a pre-coated interlayer) to prevent, or
at least substantially mitigate, that spreading. The formulated inks contain solvent
which interacts with the substrate or pre-coated material and results in swelling on
the edges of the printed patterns. The introduced pre-coated polymer layer (or
substrate) is chosen to interact with the solvent of the ink in such a way that it swells
predictably and controllably. The swelling of the polymer is especially pronounced at
the edges of the printed drops and results in a microscopic moat preventing the ink
from spreading. When two lines are printed beside each other, a natural strip or

embankment is created which separates the two printed lines.
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[0039] Polymer materials exhibit different swelling ratios in the presence of
different solvents. For example, PMMA, PVP, PDMS and SU-8 are sensitive to
ethanol, methanol and butanol. Solvents cause swelling of the coated film, which is
traditionally considered to be a drawback for the microfabrication process. In the
present method, the ink-substrate swelling effect is used as an advantage to control
the spreading of ink. By selecting suitable ink solvents and pre-coated materials (or
substrate materials), it has been demonstrated that a small gap between printed
drops (or lines) can be achieved by a direct printing process without resorting to any
lithography process. PVP and SU-8 have been chosen for the example
demonstrations because it is known that these materials swell under the selected
solvents. When a large drop of ethanol interacts with either the PVP surface or the
SU-8 surface, a significant swelling of the PVP and SU-8 occurs. When the DMP-
3000 Model Fluid water-based ink is printed on SU-8 for a two-line pattern, it forms
isolated large drops because the surface energy of SU-8 is too low and causes de-
wetting of the pattern. Droplets for two printed lines will merge and form large drops.
By adding 50% ethanol with DMP-3000, although the printed lines still de-wet on the
SU-8 surface, a submicrometer gap of approximately 0.3 pym is obtained between

the two drops as shown by way of example in Figure 6.

[0040] Ultranarrow-gap lines can be printed using this method on different
substrates. Figure 7A depicts printed Ag lines with a channel length of 3 um on SU-
8. Figure 7B depicts printed Ag lines with a channel length 4 um on PVP. Although
silver has been tested, it is predicted that other metal inks having the same or
functionally equivalent solvents may be employed to achieve substantially similar

results.

[0041] The formulated silver ink has a much lower viscosity and thus it is difficult
to obtain a reliable jettability for inkjet printing. Sunjet EMD 5603 Ag ink (which use
ethanediol, ethanol, glycerine and 2-isopropoxyethanol solvents) was selected to be
printed on SU-8 and PVP in this example. In this specific example, the substrate
was subjected to a plasma pre-treatment prior to the printing process in order to
increase the surface energy of the substrate to thereby provide the desired wetting
condition. Inkjet-printed source and drain electrodes for thin-film transistor (TFT)

fabrication with a channel length of 3 um and 4 ym were obtained on SU-8 and PVP
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substrates, respectively, as shown in Figures 7A and 7B. As further illustrated in
Figures 8A and 8B, two printed silver (Ag) lines of over 1 mm in length were printed
with gaps of 3 um and 1.5 ym between source and drain electrodes for an OFET
without any electrical short occurring between the source and drain electrodes. The
fact that such a narrow channel can be maintained over such a long distance
demonstrates that the effect leads to very good control. Figure 9 shows a scanning
electron microscope (SEM) image of the printed Ag line. An all-printed organic
transistor having a directly printed 3 um channel length has been demonstrated as
shown in Figure 10 which presents as a graph the various current and voltage
characteristics of a fully printed OFET made using this technique. This is an
improvement by a factor of ten over state-of-the-art (conventional) inkjet printing.
This method can be utilized for simple microfabrication patterning for different
electronics applications, such as photomask patterning, printed sensors and

transistors, etc.

[0042] Figures 11A and 11B show a three-dimensionally rendered optical profile
of the electrode. As shown by the cross-section of the analysis in Figures 12A and
12B, two printed Ag lines were isolated by the swollen SU-8 polymer moat at the
centre. Figure 13 shows the swelling effect at the edge of the first printed line. The
spreading of ink from the second printed line was limited by the swollen edge on the
first printed line. Consequently, the two lines did not merge on the SU-8 substrate
because of the swollen embankment or moat created by the solvent-substrate
interaction.

[0043] Figure 14 shows a substrate 10 upon which two adjacent lines of solvent-
containing ink 12, 14 are deposited on the substrate. The solvent in the solvent-
containing ink causes localized swelling of the substrate to form embankments 16
which confine the ink. In other words, the embankments constrain the ink to
prevent the ink from spreading and merging with the ink from the adjacent line.
Although the examples show two straight and parallel adjacent lines of ink, this
concept may be applied to curved lines or to non-parallel lines or other patterns

where an ultranarrow gap is desirable.

[0044] In contrast to known techniques, the present method does not use any

lithographic method to attain high-resolution printing, nor does it require any pre-
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processing of the surface to prevent the spreading of ink droplets once they have
reached the surface of the substrate. Rather, the present method uses a controlled
interaction between the ink solvent and the layer upon which the ink is printed to
prevent, or at least substantially inhibit, the unwanted spreading of the ink that would

otherwise lead to merging of lines and thus a loss of resolution.

[0045] Using the present method, ultranarrow gap lines can be printed. It has
been demonstrated that 3 um and 1.5 ym channel gaps over a Tmm length can be
printed using a solvent-based Ag ink on a SU-8 polymer surface. By selecting the
appropriate the interaction between solvents and substrate (pre-coated polymer), a
well-defined pattern can be obtained by this microfabrication printing process
without resorting to lithography. This enables printing of high-performance
transistors or other printable electronic devices without lithography and at a lower

cost.

[0046] It is to be understood that the singular forms “a”, “an” and “the” include
plural referents unless the context clearly dictates otherwise. Thus, for example,
reference to “a device” includes reference to one or more of such devices, i.e. that
there is at least one device. The terms “comprising”, “having”, “‘including” and
“containing” are to be construed as open-ended terms (i.e., meaning “including, but
not limited to0,”) unless otherwise noted. All methods described herein can be
performed in any suitable order unless otherwise indicated herein or otherwise
clearly contradicted by context. The use of examples or exemplary language (e.g.
“such as”) is intended merely to better illustrate or describe embodiments of the
invention and is not intended to limit the scope of the invention unless otherwise

claimed.

[0047] The embodiments of the invention described above are intended to be
exemplary only. As will be appreciated by those of ordinary skill in the art, to whom
this specification is addressed, many obvious variations, modifications, and
refinements can be made to the embodiments presented herein without departing
from the inventive concept(s) disclosed herein. The scope of the exclusive right
sought by the applicant(s) is therefore intended to be limited solely by the appended

claims.
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CLAIMS

1. A method of printing ultranarrow-gap lines of a functional material, the

method comprising:
providing a substrate having an interlayer coated on the substrate; and

printing the ultranarrow-gap lines by depositing ink on the interlayer of the
substrate, the ink comprising the functional material and a solvent that swells the
interlayer to cause the interlayer to bulge at edges of the ink to thereby define

embankments that confine the ink.

2. The method of claim 1 wherein the solvent is ethanol.

3. The method of claim 1 wherein the solvent is methanol.

4. The method of claim 1 wherein the solvent is butanol.

5. The method of claim 1 wherein the solvent comprises ethanediol, ethanol,

glycerine and 2-isopropoxyethanol.

6. The method of any one of claim 1 to 5 wherein the interlayer is SU-8 being

composed of a fully epoxidized bisphenol-A/formaldehyde novolac co-polymer.

7. The method of any one of claims 1 to 5 wherein the interlayer is

polyvinylpyrrolidone (PVP).

8. The method of any one of claims 1 to 7 wherein the ultranarrow-gap lines are

printed simultaneously.

9. The method any one of claims 1 to 8 wherein the functional material is an

electrically conductive ink.
10.  The method of claim 9 wherein the ink is a silver nanoparticle ink.

11.  The method of claim 10 wherein the substrate is impermeable to the silver
nanoparticle ink.
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12. The method of any one of claims 1 to 11 wherein the ultranarrow-gap lines
are printed to define source and drain electrodes of a thin-film transistor of a

printable electronic device.

13.  The method of claim 12 wherein a gap between the ultranarrow-gap lines is
3-4 um.

14. The method of claim 12 wherein a gap between the ultranarrow-gap lines is

1.5-3 ym over a length of 1 mm.

15. The method of claim 12 wherein a gap between the ultranarrow-gap lines is

smaller than 10 pm.

16. The method of claim 12 wherein a gap between the ultranarrow-gap lines is

smaller than 3 um over a length of 1 mm.

-11 -
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Figure 2
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Figure 3
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Figure 7A
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Figure 8A
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Figure 9
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