Facile Inkjet-Printing Self-Aligned Electrodes
for Organic Thin-Film Transistor Arrays with
Small and Uniform Channel Length
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ABSTRACT We demonstrated a facile method for fabrication of source and drain electrodes with very reproducible narrow channel
length without any intermediate processing steps. Organoamine-stabilized silver nanoparticles ink enables in situ formation of a
hydrophobic boundary around the first printed electrodes, which repels subsequently deposited ink to a consistent distance. Because
of this self-alignment nature, small printing errors could be automatically corrected, allowing for large defect-free source drain arrays
to be printed with a very narrow distribution of channel length. Furthermore, electrodes printed with this method were used to fabricate

OTFT array, showing high yield, high mobility, and on/off ratio.
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rinted organic thin film transistors (OTFTs) have

recently shown tremendous promise for use in low-

end or disposable electronics such as RFID tags,
sensors, or liquid crystal displays (1—5). These OTFTs
promise to drastically reduce fabrication costs because of
their low energy requirements, minimal capital investment,
and process simplification. Furthermore, these devices re-
quire processing temperatures of less than 150 °C, allowing
for fabrication on lightweight flexible substrates (6—12).
Inkjet printing has been shown to have great potential as a
method of fabrication for these devices because of its ability
to print multiple components on a layer-by-layer basis with
the potential for very high resolution (2, 13—21). In fact,
some groups have already demonstrated the fabrication of
inkjet printed high-performance OTFTs (4, 5, 18, 21). Un-
fortunately, all of these demonstrations have required in-
termediate processing steps that drive up the fabrication cost
because of increased fabrication complexity.

One of the reasons for these undesired intermediate
processing steps is the requirement of the source and drain
electrodes being printed such that they are very close to each
other, giving a very small channel length. Unfortunately, as
the channel length is decreased, the probability of device
failure increases significantly. This is due to shorting be-
tween the electrodes which occurs because of splashing and
spreading of droplets impacting the substrate. Therefore,
when no intermediate processing steps are used, the resolu-
tion is usually limited to printing devices with channel
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lengths of 50—100 um. Various methods have been sug-
gested to print small and uniform channel lengths for OTFTs.
Some group has obtained channel lengths of 1 —10 um either
by reducing the volume of the ink droplet with very fine
nozzles such as subfemtoliter inkjet printing and electrohy-
drodynamic jet printing (13, 14), or by printing a single
electrode then laser ablating a channel (6). Other groups
have demonstrated very narrow channels by prepatterning
the substrate with hydrophobic regions (5, 20). Although
these methods are effective, they are costly, complex, and
time-consuming. As an alternative, Sirringhaus et al. have
demonstrated a self-alignment technique that can be used
to obtain sub micrometer channel lengths. In this technique,
a single electrode is printed and surface-modified with a
fluorinated monolayer. When a second electrode is printed
such that it slightly overlaps the first, the low surface energy
of the modified original electrode causes it to dewet from
the surface, forming a very narrow gap (4). Although this
method is simpler than others, it still requires an undesirable
intermediate processing step for the modification.

Here, we demonstrate a facile self-alignment technique
for fabricating source and drain electrodes in OTFT devices
that requires no intermediate processing steps and results
in very reproducible channel lengths as low as 10 um. This
method uses a hydrophobic boundary around the first
printed electrodes on a hydrophilic substrate, which is
formed during the printing process. Ink subsequently printed
in the vicinity of the original electrode is repelled by this
boundary creating a narrow channel. Furthermore, this self-
alignment method automatically compensates for small
printing errors or irregularities in the original printed elec-
trode allowing for transistor arrays to be printed with not
only very narrow channel length distribution but also high
device yield. This could be particularly interesting for the
development of a complete roll-to-roll fabrication process.
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FIGURE 1. Schematic illustrating the method used for self-alignment.
Droplets ejected from the inkjet printer (a) impact the surface and
(b) spread to a maximum radius Rp,. (c) The surface tension of the
ink and the surface energy of the substrate then cause the ink to
recede to some final radius R¢ during which organoamine is depos-
ited on the substrate (light blue region). (d) Subsequent ink deposited
in the proximity of the original feature is repelled by the hydropho-
bic boundary layer. (e) This repulsion is evident in the optical
microscope image, where the dots array was printed first, followed
by a line printed close to the dots array. The scale bar represents
50 um.

Our method takes advantage of the dynamics of a droplet
impacting a solid surface during printing. Upon impact, the
Kinetic energy contained within the droplet drives it to
spread to some maximum radius Ry, after which the surface
tension of the ink and the surface energy of the substrate
drive the droplet to recede to some final radius, R¢ (22). We
hypothesized that it may be possible to include a surface
modification agent in the ink that would modify a hydro-
philic substrate during this spreading, resulting in a hydro-
phobic boundary surrounding any printed feature. This
hydrophobic boundary would then repel any ink subse-
quently deposited in the proximity of the original printed
feature because of surface energy contrast between the
relatively hydrophobic boundary and the hydrophilic sub-
strate, resulting in a self-aligned channel. A schematic of this
method is illustrated in Figure 1a—d.

To demonstrate this concept, a silver nanoparticle ink
developed at the Xerox Research Center of Canada was
used. Silver nanoparticles with an average diameter of 5 nm
were synthesized by reduction of silver acetate in the present
of organoamine such as hexadecylamine as the stabilizer
(10). These silver nanoparticles were dispersed in a mixture
of dodecane and terpineol, where dodecane is a good solvent
for the silver nanoparticles. It is known that stabilizer de-
sorption takes place readily in good solvents, which has been
utilized for stabilizer exchange and digestive ripening for
nanoparticle synthesis (23, 24). In the ink formulation, when
a polar solvent terpineol was added, which is a good solvent
for hexadecylamine, an equilibrium was reached between
hexadecylamine adhered to the silver nanoparticles and free
(desorbed) hexadecylamine. This was clearly shown by
differential scanning calorimetry (DSC) measurement of the
reprecipitated silver nanoparticles of the ink, where the
melting peaks of hexadacylamine were detected (see Figure
S1 in the Supporting Information). Free hexadecylamine
stabilizer is able to adhere to the plasma cleaned glass, which
drastically reduces its surface energy. To demonstrate this,
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FIGURE 2. Water contact angle of (a) plasma cleaned glass was
shown to increase from 25 to 78° when (b) the surface was modified
with hexadecylamine. (c) To show that free organoamine within the
silver nanoparticle ink also modified the substrate surface, two lines
were printed 5 mm apart and 4 uL of water was dropped between
them. It is evident from (d) the optical microscope image that a 50
um hydrophobic boundary existed around the printed silver. When
overlapping silver electrodes were printed on plasma cleaned glass,
the hydrophobic boundary caused the second electrode to be
repelled, (e) creating a narrow channel seen in the optical image.
When the same two electrodes were printed on hexadecylamine
modified glass, (f) no repulsion was seen in the optical image. The
scale-bars represent 50 um.

we dip-coated air plasma cleaned glass with a 3 wt %
hexadecylamine solution in toluene and allowed it to dry.
As shown in images a and b in Figure 2, the water contact
angle on the modified substrate was significantly higher than
that on the plasma cleaned glass (78.3 and 25°, respectively)
confirming that hexadecylamine was indeed able to lower
the surface energy of the glass. Similarly, the silver nano-
particle ink wetted the plasma cleaned substrate very well—it
spread quickly and resulted in a very low contact angle; on
the other hand, the ink showed a much higher contact angle
and spread much less on hexadecylamine modified glass
substrate (see Figure S2 in the Supporting Information). We
therefore unitilize the free (desorbed) hexadecylamine in the
ink as the surface modification agent to create a hydrophobic
boundary around the printed features during the printing
process. This in situ modification of the substrate surface
around the first printed feature resulted in substrate surface
energy difference, and thus the wetting and spreading
difference of the subsequently deposited ink. As a result, a
self-aligned channel would be formed.

The ability of organoamine to create a low surface energy
boundary around electrodes through the inkjet printing
process was further demonstrated by printing two silver
lines 5 mm apart, followed by a 4 uL droplet of water placed
between the lines. The water spread easily on the plasma
cleaned glass between the lines but was held a distance of
50 um away from the printed lines. This confirmed that a
hydrophobic boundary around the electrode was indeed
created during the printing process. This can be seen
schematically in Figure 2c and in an image taken from an
optical microscope in Figure 2d.

Having shown that our method effectively creates a
hydrophobic boundary surrounding the printed silver nano-
particle features, we then sought to demonstrate that this
could be useful for fabrication of source and drain electrodes
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FIGURE 3. Optical microscope images of 10 x 10 transistor arrays
printed using (a) our new silver nanoparticle ink and (b) a com-
mercial ink. Histograms showing distribution of channel lengths for
transistors printed with (c) our new silver nanoparticle ink and (d)
commercial ink.

with very small and uniform channel length. As shown in
Figure 1e, a dot array was printed, followed by a line close
to the dots. The edge of the line facing the dots bent nicely
around the dots array to form small and uniform gaps,
whereas the other edge of the line was very smooth. To
further demonstrate printing transistor channel, two lines
were printed such that their ends overlap for 500 um. It is
evident in Figure 2e that the second line was clearly repelled
by the first line, resulting in a very narrow (12 um) channel.
This result was found to be consistent and reproducible. To
demonstrate that this self-alignment was indeed caused by
surface energy contrast between the selectively modified
area by hexdecylamine and the nonmodified area, the same
pattern was printed on glass substrates, which had been
previously modified with hexadecylamine. As can be seen
in Figure 2f, no self-alignment behavior was observed in this
case, because there was no surface energy contrast during
the printing process.

Ten-by-ten arrays of source and drain electrodes were
then printed using this new ink formulation with self-
alignment capability, and a commercial ink (ANP, DGP-40LT-
15C) containing no surface modification agent was used as
a control experiment for comparison. For demonstration,
simple source/drain arrays as shown in images a and b in
Figure 3 were printed (18), wherein a row of transistors has
a common source electrode and separated drain electrode.
The channel lengths of the 100 transistors in these arrays
were measured at three locations for each transistor. These
measurements were plotted as histograms, shown in panels
c and d in Figure 3. It is clear that the arrays printed using
our new ink formulation showed greatly reduced channel
length distribution. This is due to the self-correcting at-
tributes associated with the self-alignment technique. Mis-
fired droplets that occurred during printing had little influ-
ence because the subsequent printed features self-aligned
at a constant distance away from them, allowing for a
consistent channel length in spite of printing errors. We
therefore achieve 100% device yield without shorting be-
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FIGURE 4. (a) A 10 x 5 OTFT array fabricated using inkjet printed
silver source and drain electrodes and inkjet printed PQT-12 semi-
conductor. (b) When magnified one can see the narrow and con-
sistent channel achieved using this printing method. (c) Drain
current vs gate voltage in saturation regime (Vp = —60 V) for a device
fabricated on OTS-8 modified substrate. Devices fabricated in this
manner showed very high mobility and on/off ratio.

tween the source drain electrodes. On the other hand, the
array printed using the commercial ink without the self-
correction capability showed large channel length variation
and shorting between source and drain electrodes in some
transistors. To our best practice, we were able to achieve
only 85% device yield.

For this method to be useful for OTFT application, it is
necessary that the organoamine within the channel not
detract from the device performance. To investigate this, we
fabricated OTFT arrays using this new method for inkjet
printing source and drain electrodes (Figure 4). These elec-
trodes were printed onto heavily doped n-type silicon (gate)
with a 200 nm SiO, layer (dielectric). After annealing the
printed silver nanoparticle electrodes at 140 °C, a temper-
ature compatible with plastic substrate, we inkjet printed
poly(3,3”’-didodecylquarter-thiophene) (PQT-12) into the
channel. All transistors functioned well without shorting
between source and drain electrodes. Interestingly, the
transistors exhibited an average mobility of 0.02 cm?/(V s)
with the bare silicon oxide dielectric. Previous reports have
shown the mobility of devices fabricated on unmodified SiO,
to be 0.0004 cm?/(V s) (25), indicating that our process
improves the device performance by nearly 2 orders of
magnitude. This is probably due to the effect of in situ
modifying the channel region with the hexadecylamine. It
has been shown that octanethiol modification of gold source
drain electrodes helped reduce contact resistance and that
octyltrichlorosilane (OTS-8) was the best choice for the
dielectric surface modification (9, 25). We therefore plasma
treated the silicon wafe after source drain fabrication (to
remove the organoamine stabilizer) then modified the di-
electric with OTS-8 and the silver electrode with octanethiol.
The mobility was further improved to an average of 0.07
cm?/(V s) with some devices showing mobility as high as 0.1
cm?/(V s) and on/off ratios of 1 x 10°, which are in line with
the best inkjet printed PQT-12 transistors (18, 21).

Our work has demonstrated a facile method for fabrica-
tion of source and drain electrodes with very reproducible
narrow channel length without the need for any intermedi-
ate processing steps. The use of organoamine as a stabilizer
for silver nanoparticles allows a hydrophobic boundary
around electrodes to be formed during the printing process.
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This boundary repels subsequently deposited ink to a con-
sistent distance from the original electrode. Since this
method relies on self-alignment, it is also able to automati-
cally compensate for small printing errors, allowing for large
defect-free source drain arrays to be printed with a very
narrow distribution of channel length. Furthermore, we have
demonstrated that electrodes fabricated with this method
can be used to fabricate OTFT devices with very high
mobility and on/off ratio. Integration of this fabrication
method for source and drain electrodes together with print-
able dielectric materials for all printed transistor arrays is
underway. We believe that our method would be very useful
for the development of all printed low-cost OTFT devices.

EXPERIMENTAL SECTION

Hexadecylamine-stabilized silver nanoparticles were synthe-
sized according to previously published method (10). Silver
nanoparticle ink was formulated by mixing 2 parts silver
nanoparticles with 2 parts dodecane and 1 part terpineol by
weight.

Glass substrates used for printing were washed using IPA,
plasma cleaned for 3 min under air, rinsed with deionized water
and IPA, and then dried with compressed and filtered air. Some
substrates were then modified further by first dip coating in a
3 wt % solution of hexadecylamine in toluene then drying at
60 °C for 30 s.

To avoid device failure from dielectric, we chose to build our
OTFT devices on heavily doped silicon wafer with a 200 nm
thermally grown SiO; layer as the gate dielectric. This reliable
dielectric enables us to evaluate the device yield from source/
drain shorting only. The wafer substrate was cleaned in the
same manner as the glass substrate. The silver nanoparticle ink
was printed into fine lines as source and drain electrodes with
a Dimatix DMP 2800 drop-on-demand inkjet printer equipped
with a 10 pL print head at a substrate temperature of 60 °C.
Drop velocity was set to 5 m/s by controlling the nozzle voltage.
The printed silver nanoparticle features were then annealed at
140 °C under atmospheric conditions for 10 min to obtain
highly conductive silver electrodes.

After printing and annealing, some substrates were air
plasma cleaned for 2 min, then modified with a 1 wt % solution
of octyltrichlorosilane (OTS-8) in toluene by spin coating for
20 s. These substrates were allowed to dry at 60 °C, were
further modified with a 1 wt % solution of octanethiol in toluene
by spin coating for 20 s.

A PQT-12 solution was printed into the channel of these
source and drain electrodes using the same printer as above.
In this case, the substrate was kept at room temperature during
printing. After printing the device was annealed in a vacuum
oven at 140 °C for 10 min to enhance the performance of the
semiconductor. The OTFTs were characterized using Keithley
SCS 4200 system with a three-point probe station under ambi-
ent conditions, using the sharp probe to contact the common
source electrode and separated drain electrodes for each tran-
sistor individually.
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Supporting Information Available: DSC traces for hexa-
decylamine-stabilized silver nanoparticles and hexadecy-
lamine; contact angle measurements for silver nanoparticle
ink on modified and non-modified substrates (PDF). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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