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Direct patterning of solution-processed organic thin-film transistor by
selective control of solution wettability of polymer gate dielectric
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A simple direct patterning method for solution-processable organic semiconductors (OSCs) is
demonstrated. The solution-wettable and nonwettable regions of a polymer gate dielectric layer
were selectively controlled by a short tetrafluoromethane gas plasma treatment, and we precisely
patterned the OSC film in the desired channel region by lamination coating. The patterned OSC
films represent polycrystalline structures consisting of crystalline domains varying from 30
to 60 um, and the resulting short-channel thin-film transistor (TFT) showed a high mobility of up
to 1.3 cm?/Vs, a large on/off ratio over 10%, and a negligible hysteresis curve. The proposed method
is scalable for patterning TFT arrays with large-area dimensions. © 2013 AIP Publishing LLC

[http://dx.doi.org/10.1063/1.4802499]

Solution-processable  organic  thin-film transistors
(OTFTs) are attracting considerable attention owing to both
their simple and facile manufacturing processes and excel-
lent transistor performance.' To date, many efforts have been
made focusing on the deposition of a solution-processable
organic semiconductor (OSC) film by various approaches,
such as spin coating, drop casting, and ink-jet printing.>~* In
recent years, several studies have demonstrated devices
based on single-crystal or highly crystalline thin films with
high mobilities exceeding 5 cm?/Vs.”™ The obtained results
open a new window for a wide range of applications, such as
integrated circuits and sensors and high-resolution and large-
area flexible displays. In many cases, however, a discrete de-
vice or a top-contact configuration with a longer channel
length is often used. Considering commercial applications,
the development of short channel thin-film transistors (TFTs)
is a key issue for increasing the output current and operating
frequency. However, with only a few exceptions reported,
such as ink-jet printing,” dry taping approach,'® and poly
(dimethylsiloxane) stamp, ~ there have been only a few
reports regarding high mobility solution-processable OTFTs
with practical device dimensions. To achieve such short-
channel devices, the OSC film should be precisely patterned
to reduce parasitic current paths from one device to another
device and obtain a higher current on/off ratio. For solution-
processable OTFTs, therefore, it is still a challenge to de-
velop a precise and high-resolution pattern of the OSC film
by a simple solution process.

The selective control of the solution wettability of the
gate dielectric is one of the attractive ways to form a con-
fined pattern of the OSC film. Recently, self-assembled
monolayers (SAMs) with different functionalities have been
utilized to create selective wettability on the surface of the
gate dielectric.'>'* However, the reproducibility and uni-
form coverage of the SAM layer are still technical challenges
for the practical application. The long processing time for
the reaction of SAM treatments is also an obstacle to the
industrial application. Furthermore, when low-cost and

0003-6951/2013/102(15)/153305/5/$30.00

102, 153305-1

solution processes are considered, the direct control of the
surface of the solution-processable polymer dielectric is
more desirable.

In this article, we present a simple direct patterning
method for solution-processable OSC for developing a high-
mobility short-channel TFT array. The solution-wettable and
nonwettable regions of a cross-linkable olefin-type polymer
dielectric layer were created by the selective exposure of tet-
rafluoromethane (CF,) gas plasma. A soluble small-molecule
OSC was precisely patterned by drop casting and lamination
coating. The key advantages of this proposed method are the
clear shape of the patterned film, the small consumption of
the OSC droplet, and the utilization of the inherent interface
conditions of polymer gate dielectric. By this simple method,
the OSC film was directly patterned in the confined active
channel region.

All the fabrication processes and measurements were
performed under ambient air conditions. The fabrication and
patterning processes are schematically shown in Fig. 1. A
bottom-contact TFT array was fabricated on a glass or plastic
film that was bonded onto a support glass. The choice of
polymer gate dielectric material is very important, because
the surface or interface condition of the dielectric layer
affects the wettability and spreading of the OSC solution in
addition to the molecular alignment and crystalline nature.
The dielectric constant, chemical structure, and functional
group of the dielectric material affect the electrical charac-
teristics, such as mobility, hysteresis, and subthreshold slope
(8S).">"" In this study, we employed a cross-linkable olefin-
type polymer with a moderate hydrophobicity, a low dielec-
tric constant of 2.7 (at 1 kHz), and a surface structure without
polar functionalities, such as the hydroxyl group.]g’19 This
polymer was dissolved in 20 wt. % diethylene glycol ethyl
methyl ether (EDM) and thermally cross-linked by 150°C
cure treatment. A schematic illustration of this polymer
structure is shown in Fig. 1(a). For the OSC material, we
used a mesitylene-based formulation of a soluble small-
molecule OSC (lisicon®1200 Merck Chemicals Ltd.)*® with

© 2013 AIP Publishing LLC
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FIG. 1. (a)-(c) Schematic illustration of fabrication and patterning processes for OTFT array. After patterning the S/D electrode, the entire surface was modi-
fied using CF, plasma except the channel region. (d) Mesitylene contact angles of CF4 plasma-treated non-channel (upper) and channel regions (lower). Insets
show water contact angles. (e) Optical microscopy image of TFT array structure with patterned OSC film. (f) Transfer characteristics of fabricated bottom-

contact TFT with channel length L = 10 um.

a deep ionization potential (IP) of 5.4 eV in order to induce a
slow solvent evaporation. After the patterning of the gate
electrode of Mo, a 300-nm-thick olefin-type polymer dielec-
tric layer was formed by spin coating followed by curing at
150°C on a hot plate. Au source/drain (S/D) electrode was
then deposited and patterned by wet etching followed by sur-
face modification using a thiol-based SAM (Fig. 1(a)).?" The
template for the patterning of the OSC film was fabricated as
follows. First, the surface of the polymer dielectric layer of
the active channel region, which is located inside the gate
electrode region, was covered with a conventional photo pat-
ternable acrylic film. Then, the entire surface of the substrate
was exposed to radio-frequency (RF) tetrafluoromethane
(CF,) gas plasma for a short time (Fig. 1(b)). The CF,4
plasma treatment resulted in a hydrophobic surface owing to
a highly fluorinated surface.”*** However, excess plasma
treatments induce surface roughening or undesirable surface
unevenness with the etching of the polymer layer; thus, we
investigated the minimum plasma conditions for the satura-
tion of surface modification by varying the RF power rang-
ing from 30 to 300 W and exposure time. From the results,
we found that plasma treatment for 10 s with an RF power of
100 W is adequate for obtaining a reproducible hydrophobic
surface while minimally affecting the surface roughness.
After the removal of the cover film, the contact angle (CA)
of the plasma-treated surface region was increased except in
the channel region with an inherent polymer nature with a
relatively hydrophilic surface (Fig. 1(c)). Figure 1(d) shows

the mesitylene and water contact angle of the plasma-treated
non-channel and untreated channel regions.

To confirm the patterning ability of the fabricated tem-
plate, we first drop-casted a small amount of OSC solution on
the template. To prevent the formation of a thick or aggregated
film, a relatively low concentration (0.08 wt. %) of mesitylene
solution was dropped and dried on a hot plate heated at 50°C
for 1h in air. As shown in Fig. 1(d), we obtained a clear con-
tact angle difference of approximately 30°; therefore, the pat-
terning of the OSC layer was self-organized within the channel
region (nonfluorinated region). Figure 1(e) shows the optical
microscopy image of the fabricated bottom-contact TFT array.
Figure 1(f) shows the transfer characteristics of the fabricated
short-channel TFT with a channel length L of 10um.
Although, as shown in the figure, the fabricated TFT showed a
low off-current below 107" A, large saturation mobility varia-
tions ranging from 0.1 to 0.5 cm?/Vs were observed. This is
possibility due to the poor reproducibility of film thickness and
insufficient crystallinity, as shown in Fig. 1(e).

As the next step, in order to improve the TFT perform-
ance, we patterned the OSC film by a method combining
drop casting and lamination coating based on the recently
reported solution shearing24 and push coating methods.”> A
schematic illustration of this method is shown in Fig. 2(a).
After a drop cast of 20 ul of OSC solution, the OSC droplet
was squashed by the lamination of an upper plastic film
(100-um-thick poly (ethylene naphthalate) film was used in
this study). To obtain a strong de-wettable surface against
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FIG. 2. (a) Schematic illustration of lamination coating and patterning of OSC film. (b) Optical microscopy image of TFT array structure with precisely pat-
terned OSC film and (c) magnified image of OSC film within active channel region. (d) Cross-polarized microscopy image of patterned OSC film and (e) AFM

topography image of local film shown in Fig. 3(d). The height scale is 20 nm.

the OSC droplet, the contact side of the film was in advance
with the fluoro polymer Cytop ™ (Asahi Glass, Japan). The
CA of mesitylene for the Cytop-coated film was approxi-
mately 51°, which is slightly higher than that in the CF,
plasma-treated region. The OSC droplet was uniformly
spread on the entire surface of the gate dielectric layer owing
to the de-wettability of the film. Then, the device was trans-
ferred onto a hot plate heated from 30 to 100°C. The top
film was then translated slowly at a constant speed. The OSC
solution gradually exposed to air was rapidly gathered in a
hydrophilic active channel region during the slow evapora-
tion of the solvent. Consequently, we crystallized the OSC
film precisely in the active channel region.

Figure 2(b) shows the optical microscopy image of the
OTFT array structure fabricated by this method. In this case,
1 wt. % OSC solution was drop-casted, and the upper substrate
was translated at a substrate temperature of 50°C. The OSC
film was precisely patterned and crystallized within the
200 um?” channel region (Fig. 2(c)). The cross-polarized opti-
cal microscopy image of the patterned OSC film is also shown
in Fig. 2(d). The clear birefringence indicates that relatively
large well-ordered polycrystalline domains, which vary from
approximately 30 to 60 um, were formed within the prescribed
channel region. To further investigate the structure of the pat-
terned OSC film, we examined the surface morphology of the
film by tapping-mode AFM. Figure 2(e) exhibits the topogra-
phy and cross-sectional height image of a local OSC film near
the S/D contact shown in Fig. 2(d). The OSC film exhibited a
smooth terrace and step morphology except at the boundary
of crystalline domains. The step height was estimated to be
approximately 2nm from the cross section. However, the

planar at the molecular level was not very large, and we
observed nanoscale elliptically shaped holes, which may be
generated by the evaporation or bumping of the residual sol-
vent in the OSC film. These results indicate that evaporation
speed is still high; thus, we consider that further optimization
will be required to obtain a uniform and continuous film.

Figures 3(a) and 3(b) exhibit the typical transfer and out-
put curves of the fabricated short-channel TFT with
L =5 pum, respectively. As shown in these figures, complete
isolation of the OSC layer from the neighboring devices
resulted in a very low off-current of 10~'* A and a very high
on/off ratio of more than 10%. To extract characteristic pa-
rameters from DC electrical measurements under ambient
air, it is important to minimize the effect of moisture-
induced surface polarization or ion diffusion effect;®
thereby, low-frequency capacitance-voltage characteristics
were used to estimate the gate capacitance Cg (17.7 nFem 2
at 20Hz). The device showed a high mobility of up to
1.3cm?/Vs. A low SS of 0.39 V/dec and a negligible small
hysteresis curve indicate that trap states, which often origi-
nate from polar groups at the surface of the insulator,””-*® are
few. The maximum trap density was calculated to be
5.6 x 10" em eV~ according to*’

max |:(]S IOg(e) _ 1:| %

trap ™
q

kT

where ¢ is the electronic charge, S is the SS, k is Boltzmann’s
constant, and Cpy is the gate capacitance (per unit of area).
We consider that these results are attributed to the utilization
of the inherent surface property of the polymer dielectric.
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FIG. 3. (a) Transfer and (b) output characteristics of bottom-contact OTFTs. The channel length (L) and width (W) are 5 and 200 um, respectively. (c)
Transfer and (d) output characteristics of another device with large contact resistance and inset shows the corresponding cross-polarized microscopy image of

the OSC film. (e) Results of repeated 100 cycle test under ambient air.

The fabricated array showed characteristic variations.
Figures 3(c) and 3(d) show the TFT performance of another
device in the same array. The transfer and output curves
exhibited an injection-limited curve at a low drain voltage
owing to a large contact resistance (Rc). To investigate the
cause of the large R, the energy level mismatch between the
Fermi-level of the SAM-treated Au contacts and the HOMO
of the OSC film was measured by photoelectron yield spec-
troscopy (Riken Keiki, AC-3). The energetic difference was
found to be not very large at 0.06 eV, which is comparable to
those of Au and pentacene; thus, we considered that the large
Rc is mainly caused by the formation of defects due to the
disordered or misalignment crystalline structure near the S/D
contact.’*! Actually, we observed randomly polarized small
domain near the contacts in the large R¢ device, as shown in
the inset in Fig. 3(d). We speculate that this is due to the
rough edge structure of the bottom S/D contacts or the local
differential of the solvent wettability between Au and the
polymer dielectric; thus, the optimization of the contact
structure and surface modification will contribute to further
improvements in the characteristics. As discussed in Fig.
2(e), a slower solvent evaporation will also help create highly
crystalline films with fewer defects. Finally, in order to eval-
uate simply the air-stability of the fabricated TFT, a cycling

test was performed under ambient air conditions. As shown
in Fig. 3(e), the fabricated device exhibited very little degra-
dation in mobility and on/off ratio after repeated 100 cycles.
We consider that this is due to the deep IP of the OSC film
and the low interface trap density of polymer gate dielectric.
In summary, we have demonstrated a short-channel
bottom-contact OTFT array with a finely patterned OSC
film. The solvent wettability of the polymer gate dielectric
was controlled by the selective exposure of CF, plasma, and
the solution-processed OSC film was directly patterned and
crystallized within the channel region by the lamination coat-
ing. The fabricated short-channel TFT showed a high mobil-
ity of up to 1.3cm?/Vs and a very large on/off ration over
10®. These techniques are scalable for patterning high-
resolution OTFT arrays with large-area dimensions.

The authors thank Zeon Co., Ltd. for providing the poly-
mer dielectric material and for various discussions.
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