
Motion-Programmed Bar-Coating Method with Controlled Gap for
High-Speed Scalable Preparation of Highly Crystalline Organic
Semiconductor Thin Films
Seon Baek Lee,†,∥ Boseok Kang,†,‡,∥ Daegun Kim,† Chaneui Park,† Seulwoo Kim,§ Minhwan Lee,§

Won Bo Lee,§ and Kilwon Cho*,†

†Department of Chemical Engineering and Center for Advanced Soft Electronics, Pohang University of Science and Technology, 77
Cheongam-Ro, Nam-gu, Pohang 37673, Korea
‡SKKU Advanced Institute of Nanotechnology and Department of Nano Engineering, Sungkyunkwan University (SKKU), Suwon
16419, Korea
§School of Chemical and Biological Engineering, Seoul National University, 1 Gwanak-Ro, Gwanak-gu, Seoul 08826, Korea

*S Supporting Information

ABSTRACT: Solution-processed organic semiconductor thin films
with high charge carrier mobility are necessary for development of
next-generation electronic applications, but the rapid processing
speed demanded for the industrial-scale production of these thin
films poses a challenge to control of their thin-film properties, such
as crystallinity, morphology, and film-to-film uniformity. Here, we
show a new solution coating method that is compatible with a roll-
to-roll printing process at a rate of 2 mm s−1 by using a gap-
controllable wire bar, motion-programming strategy, and blended
active inks. We demonstrate that the coating bar, the horizontal
motion of which is repeatedly brought to an intermittent standstill,
results in an improved vertically self-stratified structure and a high crystallinity for organic active inks comprising a
semiconducting small molecule and a semiconducting polymer. Furthermore, organic transistors prepared by the developed
method show superior hole mobility with high operational stability (hysteresis and kink-free transfer characteristics), high
uniformity over a large area of a 4 in. wafer, good reproducibility, and superior electromechanical stabilities on a flexible plastic
substrate. The bar-coating approach demonstrated here will be a step toward developing industrial-scale practical organic
electronics applications.
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■ INTRODUCTION

Organic thin film transistors (OTFTs) have received
enormous interest due to their great potential for realizing
low-cost, lightweight, and flexible electronics that are solution-
processed in a large area.1−8 Recent research efforts in this area
have mainly been devoted to developing new organic
semiconductor materials with high charge carrier mobility
(>10 cm2 V−1 s−1) and devising novel solution-processing
techniques that are able to solve the troublesome cost issue of
vacuum deposition methods. In the current statues, however,
most of the reported solution-processed OTFTs have still been
far from their commercial use because of the relatively low
charge carrier mobilities and low tolerance to environmental
and bias-stress compared with their inorganic counterparts.
Furthermore, fabrication of organic semiconductor (OSC)
films with high molecular order and preferred molecular
orientation, i.e., critical elements in the performance of
OTFTs, still remains a challenging work with the current
solution-processing technologies.2,9−12 Some breakthroughs

have been made by using soluble small-molecule semi-
conductor materials, such as triisopropylsilyl pentacene
(TIPS-pentacene), 2,8-difluoro-5,11-bis(triethylsilylethynyl)
anthradithiophene (diF-TESADT), and 2,7-dioctyl [1]-
benzothieno [3,2-b][1]benzothiophene (C8-BTBT). These
materials have strong π−π interaction which enables molecules
to be packed in a highly ordered state, exhibiting superior
charge carrier transport. Unfortunately, the strong molecular
interactions and low viscosity itself lead to a strong propensity
to easily dewet on common surfaces and result in
discontinuous film morphology that is unfavorable for charge
carrier transport.
The development of a reliable solution-phase deposition

method is a prerequisite to mass production of OTFT devices
based on OSC inks.13−16 Spin-coating has been frequently
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used on a lab scale due to its simplicity but it has fatal
drawbacks, such as a large amount of material waste, difficulty
in scaling up, and incompatibility with a conventional roll-to-
roll system. Among various alternative solution processes, bar-
coating methods have the advantages of a high deposition rate,
roll-to-roll compatibility, and excellent uniformity over a large
area.15,17 In the typical bar-coating process, a film is deposited
on an arbitrary substrate by the horizontal continuous
movement of a coating bar that is positioned just on the
substrate. During bar-coating of a film, a surface of the flexible
substrates with prepatterned electrodes would get hurt easily
because of the intimate contact made between the coating bar
and substrates. The presence of a constant small gap between
them, therefore, is necessary for high-throughput reliable

fabrication of bar-coated soft electronic devices, and this new-
type coating method is attracting much attention as an
emerging technique.18,19

The presence of a gap at the deposition stage often leads to
more highly crystalline films compared with the case where
there is no gap. The advantage is likely to mainly come from an
enhanced convective mass flow inside the solution, which is
driven by the capillary force at the gap. This gap-induced
crystallization phenomenon has been found not only in bar
coating but also in blade coating, zone-casting, and solution-
shearing methods, but the effect of a gap distance (dgap) on the
formation of organic crystals has not been studied in
detail.20−23 Moreover, many solution-processing systems use
blended inks consisting of small molecule and polymer,9,24,25

Figure 1. Wire-bar coating method with a controllable gap and a motion-programming strategy. (a) Schematic illustration of the bar-coating
process with a gap. The insets in the upper row show the chemical structures of Cn-BTBT and PTAA. The insets in the lower row exhibit the POM
of the bar-coated C8-BTBT:PTAA films. (b) The length of the continuous C8-BTBT crystalline region (LHC) as a function of the gap distance
(dGap) and bar speed (vBar). (c) Schematic drawing showing the motion-programmed method. (d) The POM images of bar-coated C8-
BTBT:PTAA films with and without using a motion-programmed wire-bar coating; the images were prepared by attaching separately taken POM
images.
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which complicates a proper analysis of such gap-existing
coating methods and the understanding of phase separation
phenomena therein is yet in its infancy.
Here, we propose a new approach for preparing a large-area

uniform highly crystalline OSC thin film using a gap-controlled
and motion-programmed bar-coating method and blended
inks; our method uses the coating bar, the horizontal motion of
which is repeatedly brought to an intermittent standstill for
improving the film qualities. Our systematic study based on
both computational fluid dynamics simulations and exper-
imental results would give a solution to the critical problems in
mass production of organic electronic devices and provide
deeper understanding on phase separation and crystallization
of organic molecules in our practical method.

■ RESULTS AND DISCUSSION
Gap-Controlled Bar-Coating Process. The gap-con-

trolled bar-coating process is depicted schematically in Figure
1a. In the system, it includes four major steps: (i) positioning
of a fixed coating bar and a substrate (2 × 2 cm2) on a moving
stage, (ii) dispensing a small amount of a semiconductor
solution (∼60 μL) just in front of the coating bar, (iii) wetting
of the solution onto the substrate by horizontal movement of
the stage at a constant velocity, and (iv) gradual drying of the
wet film. A dgap between the bar and substrate was elaborately
controlled from 1 μm to 1 mm by using a motorized
positioning system equipped with two laser alignment sensors
(Figure S1). The ink solution consists of two OSCs, highly
crystalline small molecule and amorphous polymer (see the
differential scanning calorimeter curves in Figure S2), i.e., 2,7-
alkyl[1]benzothieno[3,2-b][1]benzothiophene (Cn-BTBT; n =
8, 10, or 12) and poly[bis(4-phenyl)(2,4,6-trimethylphenyl)-
amine] (PTAA). The coating method and preparation of the
solution and substrate are provided in detail in the
Experimental section, and the overall process is displayed in
a video clip available in the Supporting Information (Movie
S1).

All printed OSC films were characterized by polarized
optical microscopy (POM), and we found out the presence of
coexisting large-sized and small-sized C8-BTBT crystals on the
substrate (inset of Figures 1a and S3). The millimeter-scale
large-sized C8-BTBT crystals on par with single-crystalline
characteristics along the coating direction were grown
continuously from the starting line of the coating bar possibly
due to a pinned contact line of the bar. By contrast, the
remaining part of the coated film showed only crystals of
micrometer-scale small grains, i.e., low-crystalline regions. We
quantified the crystal lengths of the front-end highly crystalline
film (LHC) that was formed at an initial stage of bar movement
and found that LHCs were strongly affected by the processing
parameters, dgap and bar speed (vbar). The slower the coating in
the smaller gap, the longer the highly crystalline films at the
front end of substrates were formed (Figure 1b); this front-end
effect was held at the dgap of up to approximately 50 μm, and
the C8-BTBT crystals with the maximum size of 4 mm were
obtained at dgap = 2 μm and vbar = 1 mm s−1; the drying
behavior at the different gap distances is displayed in a video
clip available in the Supporting Information (Movie S2).

Motion-Programmed Bar Coating. Motivated by the
front-end effect of the gap, we devised a new coating strategy
by programming the dynamic motion of a coating bar to
increase LHC further. To maximize the front-end effect, we
intentionally brought the coating bar to an intermittent
standstill repeatedly (Figure 1c); the moving bar was briefly
paused before reaching LHC of the corresponding coating
condition. Surprisingly, the C8-BTBT/PTAA film deposited
from the motion-programmed method showed an infinitely
continuous highly crystalline film (Figure 1d). In addition, our
proposed process could be easily extended to different
bimolecular blend systems, such as C10-BTBT/PTAA, C12-
BTBT/PTAA, and 2,8-difluoro-5,11-bis(triethylsilylethynyl)
anthradithiophene (diF-TESADT)/PTAA (Figure S4). Next,
we observed the time effects over the moving phase (tmoving)
and stationary phase (tstationary) on film morphologies at the

Figure 2. Effects of the bar-motion programming. (a) The POM images of bar-coated C8-BTBT:PTAA films prepared by using different times of
the moving phase (tmoving = 3, 4, and 5 s), and (b) different times of the stationary phase (tstationary = 2, 6, and 15 s).
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processing condition of dgap = 2 μm, vbar = 1 mm s−1 (Figure
2a,b). When tmoving increased from 3 to 5 s, C8-BTBT/PTAA
films with LHC = ∼3 mm were formed similarly. On the other
hand, continuous highly crystalline films were obtained with
thick stripes when tstationary increased from 2 to 15 s. The height
of stripes increased from ∼5 nm (at tstationary = 2 s) to 175 nm
(at tstationary = 15 s) and the locations of the thick stipes were
identical with the positions where a coating bar had stopped
(Figure S5). These results indicate that the stripes are formed
during the stationary phase and the coating bar should be
stopped before reaching the length of LHC at the corresponding
processing condition and continuously moved to deposit a
continuously connected high crystalline film with few grain
boundaries. These results provide insightful guidelines for
achieving high-quality OSC films at a fast coating rate
compatible with a roll-to-roll process when using our
motion-programmed gap-controlled bar-coating method.
The formation of the continuous crystalline film can be

explained in terms of a stick-and-slip phenomenon during the

drying process of the wet films.13,26 Continuous large crystal
growth should have a limited number of nucleation sites. The
presence of a wire bar near growing crystals would suppress
additional nucleation of OSC molecules in a solution medium
(i.e., slip) due to occurrence of a capillary flow beneath the bar
and make solute molecules only attached to growing crystals
with an aligned direction (i.e., stick) because of thermody-
namic preference to homocrystal facets. Especially, the
stationary phase inserted between the bar-coating steps
would not allow growth of new nuclei that may form inside
a bulk solution but make them continuously stick to form an
infinitely continuous crystalline film. In striking contrast to our
developed method, the conventional bar coating uses a
continuously moving wire bar regardless of solvent evaporation
and the crystal growth rate so that the absence of a bar near the
crystallization zone would have molecules slip from growing
crystals and occur in the new grain boundary after LHC.27

Gap-Induced Vertical Phase Separation. A vertical
structure of the bar-coated C8-BTBT/PTAA film along the

Figure 3. Vertical phase separation and microstructure of bar-coated C8-BTBT:PTAA thin films. (a) TEM image of the vertically separated bilayer
structure (top: C8-BTBT, bottom: PTAA). (b) XPS depth profiles of sulfur (S) atoms for the films fabricated by drop-casting and bar coating
methods. (c) The computational fluid dynamics (CFD) simulation result showing the distribution of solvent flow and eddy viscosity during the
coating process (dgap = 10 μm and vbar = 1 mm s−1). (d) 2D-GIXD patterns of the bar-coated C8-BTBT:PTAA films with different sizes of
crystalline domains; the 2D-GIXD images were measured along the parallel (//) or perpendicular directions (⊥) with respect to the bar moving
direction. (e) The magnified 2D-GIXD patterns showing the difference between the equilibrium phase and polymorphic phase; (top) the (002)
peaks (qz

equilibruim = 0.43 Å−1 and qz
polymorph = 0.45 Å−1) and (bottom) the (11L) peaks qxy

equilibruim = 1.31 Å−1 and qxy
polymorph = 1.34 Å−1). (f)

Polarized UV−visible spectra of bar-coated C8-BTBT:PTAA films with different domain sizes.
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out-of-plane direction was investigated using cross-sectional
transmission electron microscopy (TEM) and X-ray photo-
electron spectroscopy (XPS) combined with Ar+-ion etching.
The TEM image showed a vertically stratified structure with a
C8-BTBT upper layer (∼30 nm in thickness) and PTAA on
the lower part (∼20 nm in thickness), which would be ideal for
an active layer of top-gate OTFTs (Figure 3a). The depth
profiles of sulfur (S) atoms inside the film also supported the
bilayer structure (Figure 3b). Interestingly, the vertical
distribution of S atoms was found to be nearly constant
when the film was prepared by drop casting of the same C8-
BTBT/PTAA solution, indicating that a small gap between a
coating bar and substrates is a necessary condition to
effectively induce the vertical phase separation even though
the thermodynamic properties of the materials, such as the
solubility parameter and surface energy differences, are
adequate to provide a strong driving force for vertical phase
separation (Tables S1 and S2).28

We insist that the gap of a small dgap gives rise to better
vertical phase separation in terms of the flow-induced liquid−
liquid phase separation and thus leads to efficient and refined
crystallization of C8-BTBT molecules without disturbance but
rather help from the PTAA chains (Figure S6). Just after
dispensing, C8-BTBT molecules and PTAA chains would be
dispersed homogeneously in the solution. The solution is
readily sucked into the gap and forms a thin wet film
accompanying a mass flow beneath the wire bar. At that
moment, the concentration of the blend solution starts to
sharply increase through solvent evaporation and the spacing
of the solutes would become closer and easier to interact with
each other. C8-BTBT and PTAA have different solubility
parameters of 16.6 and 23.1 MPa1/2, respectively (Table S1),
which indicates that the mixed phase is thermodynamically
unstable and the two materials will be separated. Because of
lower surface energy of C8-BTBT than PTAA (Table S2), the
PTAA chains would tend to be aggregated and directed to the
lower layer, while the C8-BTBT molecules would be likely to
be directed to the upper layer to form crystals. Given the XPS
depth profiling result (Figure 3b), the presence of the narrow
gap should enhance the vertical phase separation. Moreover,
the amorphousness of a binder polymer (PTAA) is another
important factor to enable the phase separation efficiently,
showing clear morphologies without any grain boundary at
POM images (Figure S7). In practice, the simultaneous
crystallization of semicrystalline polymer, i.e., poly(3-hexyl
thiophene) (P3HT), was found to prevent C8-BTBT
molecules from packing with each other, inducing randomly
mixed structures even at the optimized processing condition.29

The presence of the narrow gap beneath a coating bar and
the evaporation of the solvent should induce a strong mass
flow inside the solution. This gap-induced flow would drive the
lower viscosity C8-BTBT toward the surface and higher
viscosity PTAA toward the substrate, resulting in an improved
liquid−liquid phase separation behavior and thus contributing
to highly crystallized films. To support the proposed
mechanism, we calculated the solvent flow at the gap by
using the computational fluid dynamics (CFD) simulation. To
this end, the experimental condition was simplified using a 2D
circular-cut triangle geometry filled only with chlorobenzene
solvent. From the computational results, we found two
important features. First, the local velocity of the solvent
flow is mostly faster as the dgap is smaller and vbar is slower,
which matches well with the experimental results (Figure 1b)

and supports the flow-induced phase separation at the gap.
Second, the zone with high local eddy viscosity, referring to
how turbulent the liquid is, exists and could account for the
crystallization behavior of C8-BTBT molecules (Figures 3c and
S8). At the small gap distance of 10 μm in the simulation, there
exists the high local eddy viscosity zone at the down-left corner
whose value is twice higher than the rest of parts. The high
viscosity zone could be depicted as the front end of solution
droplet being drowned by a coating bar and corresponds to an
air−solution−substrate interface. The higher the eddy
viscosity, the more active is the turbulence, which indicates
that there would be faster evaporation of solvents thereat. This
in turn would make a local highly concentrated liquid phase
that promotes crystallization of C8-BTBT. In contrast, there
was a high eddy viscosity zone in the interior of the solution
when dgap = 400 μm. The C8-BTBT in the solution center does
not contact with air−solution boundaries, so there is no fast
evaporation of solvent with active turbulence, and thus this
area is rarely suitable for liquid−liquid separation. Interest-
ingly, when dgap = 200 μm, the high eddy viscosity zone could
exist only if a bar (or a substrate) moves as slow as vbar = 1 mm
s−1 (Figure S8).

Crystalline Characteristics of Bar-Coated Films. Two-
dimensional grazing incidence X-ray diffraction (2D-GIXD)
experiments were performed to verify crystalline characteristics
of the two different bar-coated C8-BTBT/PTAA thin films
with large-sized and small-sized crystals. The 2D-GIXD
patterns were measured along both directions parallel and
perpendicular to the bar-moving direction, respectively, and
exhibited different features, which indicates that the films have
an anisotropic in-plane structure (Figure 3d); the difference
was predominant in the film with large-sized crystals, and the
coating direction corresponds to b-axis in the unit cell of C8-
BTBT, i.e., parallel to the bar-coating direction. The two films
showed many well-defined reflection spots along the qz axis at a
given qxy, indicating well-ordered 3D crystalline structures. The
distinct (00l) reflections represent along the out-of-plane
directions, showing that the C8-BTBT crystals adopted a
standing-up structure on the substrates. The full width at half-
maximum (FWHM) values of the (002) peaks and FWHMs in
the pole figures at the peaks were found to be much larger for
the small crystal film than the large crystal film (Figure S9).30

These results demonstrate the superior molecular order in the
large crystal C8-BTBT/PTAA film deposited by our proposed
bar-coating method.
More importantly, the existence of a polymorph was

confirmed by the presence of additional diffraction peaks
near (002) peaks in the out-of-plane direction and near the
(11L) Bragg rods in the in-plane direction (Figure 3e). The
(002) peak shifted from qz = 0.43 Å−1 (equilibrium) to 0.45
Å−1 (polymorph), and the (11L) Bragg rod also did from qxy =
1.32 Å−1 (equilibrium) to 1.34 Å−1 (polymorph) (see the
magnified peaks of the small crystal samples in Figure 3e and
the summary in Table S3). These results indicate collapsing of
the unit cell, possibly due to the large strain arisen from the fast
mass flow during the bar-coating process. This trend was more
distinct when the sample was measured along the perpendic-
ular direction, which means that the large strain resulting from
the mass flow largely affected the molecular packing along the
b-axis direction, macroscopically the coating bar direction. The
densified molecular packing would accompany a smaller
intermolecular spacing and π−π stacking distance closer than
that of the equilibrium molecular packing. Bao and co-workers
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have observed the similar polymorphism in the C8-BTBT/
polystyrene film deposited by the off-centered spin-coating
method.10

Furthermore, polarized UV−vis spectra verified again the
anisotropic structure of the Cn-BTBT/PTAA film with large-
sized crystals that had a strong peak at 360 nm, assigned to the
π−π* transition of the BTBT conjugated core (Figures 3f and
S10).31 The film showed the dichroic ratio (A⊥/A// at 361 nm)
of 2.4. Since the transition dipole lies perpendicular to the
backbone structure, the BTBT backbones in the polymorph
would be aligned more closely to the perpendicular direction
to the bar-moving direction (and the b-axis direction in the
equilibrium structure). Such molecular alignment was found to
be similar in other bimolecular systems deposited by our bar-
coating method (Figure S10). By contrast, the small crystal
films showed only a small peak at 360 nm without a preferred
in-plane orientation.
Electrical Properties of OTFTs. Electrical characteristics

of the bar-coated C8-BTBT/PTAA film were studied by
fabricating and analyzing the OTFT devices prepared with the
film. The blend film was bar-coated onto the substrate with
prepatterned Ti/Au source/drain electrodes, followed by spin-
coated Cytop and thermally evaporated parylene layers as a
dual gate dielectric (Figures 4a and S11). The ultrathin Cytop
interlayer reduces interfacial traps at the OSC layers and often
makes low off-current (Figure S12).32 As mentioned above, the
vertically stratified structure consisting of a C8-BTBT (top)/
PTAA (bottom) bilayer takes an advantage in top-gate OTFTs
where the charge carrier pathway forms in the top C8-BTBT

layer. The top-contact bottom-gate OTFT devices with the
same film showed poor device performances because of the
formation of the channel at the buried amorphous PTAA layer
(Figure S13).33 By contrast, the best bottom-contact top-gate
C8-BTBT/PTAA OTFTs exhibited high hole mobilities of up
to 20 cm2 V−1 s−1 with an on/off ratio of ∼107 when measured
along the bar coating direction (Figure 4b, Figure S14 and
Table S4); the C10-BTBT/PTAA and C12-BTBT/PTAA-based
devices showed mobilities approaching 20 cm2 V−1 s−1 and the
diF-TESADT/PTAA film also did over 10 cm2 V−1 s−1 (Figure
S15 and Table S4). These values are much higher than those of
Cn-BTBT TFTs fabricated with spin-coating or thermal
evaporation methods.34,35 The mobility values were measured
in vacuum, and they were about 16% higher than the values
measured in air. Moreover, the C8-BTBT/PTAA films with
large crystals showed anisotropic charge carrier mobility values
(Figure 4c, the mobility anisotropy of 2.4), possibly resulting
from the anisotropic crystalline structure. The prepared OTFT
devices mostly showed excellent electrical characteristics,
especially for kink-and-hysteresis-free transfer curves with the
saturated transconductance within the wide range of VG
(Figure S16). Although the superior crystalline structure
would be the primary factor for explaining the very high hole
mobility, the PTAA bottom layer was also shown to be useful
for lowering the charge injection barrier by forming the
cascade energy structure (Figure S17).36 The contact
resistance estimated by the Y-function method was largely
reduced from 2908 Ω cm (for OTFT prepared with homo C8-
BTBT films) to 1474 Ω cm (for the device with the blend film;

Figure 4. Electrical characteristics of bar-coated organic semiconductor thin films and flexible devices. (a) Schematic illustration of OTFT
structure. (b) Transfer characteristics and (c) the summary of device performances for the OTFT devices prepared with the bar-coated C8-
BTBT:PTAA films. (d) Photographic image and mobility uniformity map for OTFT arrays prepared on a 4 in. SiO2/Si wafer. (e) Uniformity
comparison in terms of μFET values. (f) Field-effect mobilities (μFET), and (g) fitting parameter γ (γ) as a function of T. (h) Transfer curves and
photographic images (scale bar, 1 cm) of flexible OTFTs prepared on a transparent polymer substrate. The curves were measured at flat or bended
states with different bending radii (R = 3, 5, 7, and 10 mm).
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Figure S18).37 Furthermore, the bar-coated devices showed
excellent device-to-device uniformity and long-term environ-
mental stability as well. We fabricated an array of OTFT
devices on a 4 in. wafer (Figure 4d,e), which yielded the
standard error of only 5% in mobility values and operated for
more than 20 days without severe degradation even though the
devices had no encapsulation layers (Figure S19), to the best
of our knowledge, which are the best results given that the
coating rate, deposition, and electrical properties are
considered together (Table S5). These results would
demonstrate the capability of our coating method to
industry-scale production of high-quality OSC films.
Charge Transport Mechanism. To identify differences in

the charge transport mechanisms in the bar-coated C8-BTBT/
PTAA film with large-sized and small-sized crystals, we
conducted TFT measurements at a temperature ranging
from 170 to 293 K (Figure 4f).38 The measured mobilities
showed far weak temperature dependence for both samples.
The activation energy estimated from the slopes was twice
smaller for large-sized crystal film (5.5 meV) than small-sized
crystal (9.5 meV), which would be attributable to fewer grain
boundaries disturbing the charges transporting (Figure S20).39

The two absolute values of the activation energy are much
smaller than the thermal energy at room temperature (∼25
meV), suggesting that the actual transport mechanism might
be an intermediate regime between the bandlike and hopping
transport.40 The series of transfer curves were fitted to ID ∝
(VG − Vth)

γ, which gave the exponent γ (Figure 4g). For the
large crystal sample, the value was the nearly temperature-
independent value of 1.9, close to the ideal value of 2,
indicating a very low degree of disorder in our bar-coated C8-
BTBT/PTAA film with large crystals and also implying the
intermediate charge transport regime; the small crystal films
showed a bit smaller γ value of 1.8.
Flexible OTFT Array. To demonstrate that our bar-coating

method has high compatibility with flexible organic electronics,
bar-coated OTFT devices were fabricated on 125 μm thick
flexible polyethylene naphthalate (PEN) substrates with the
same device fabrication steps.41 In addition, we examined their
electromechanical stability under bending stress of the bending
radius of 3, 5, 7, and 10 mm, where the bending radius of 3
mm corresponded to the maximum strain of 2.1% (Figure 4h).
The devices operated very well and showed only slight
differences in the transfer curves while bending; change of
performance parameters are provided in the Supporting
Information (Figure S21). The electromechanical stability of
the devices is attributed to the use of a binder polymer, PTAA
herein, as well as thinness (∼20 nm) of the highly crystalline
C8-BTBT layer.

■ CONCLUSIONS
We introduced the novel approach to deposit high-quality
OSC thin films using a gap-controlled motion-programmed bar
coating method and blend OSC inks. Careful adjustment of
processing parameters, dgap and vbar, was found to lengthen the
crystalline region at the film’s front end, and the front-end
effect was maximized by programming the dynamic motion of
a coating bar to be repeatedly brought to an intermittent
standstill. The resulting continuously connected highly
crystalline C8-BTBT/PTAA thin film showed the ideally self-
stratified bilayer structure, and thus the flow-induced liquid−
liquid phase separation at the gap was proposed as a plausible
mechanism. Anisotropic crystalline structure and presence of a

polymorph that has a densified unit cell were experimentally
verified, and the strained microstructure yielded superior
electrical properties with high uniformity. Our proposed
method deposits high-quality OSC thin films at a high speed
in a scalable way. We believe that this method is compatible
with roll-to-roll systems for mass production, and it would be
able to contribute to commercialization of the next-generation
electronics based on organic materials.

■ EXPERIMENTAL SECTION
Materials. C8-BTBT, PTAA, diF-TESADT, and 1-chlorobenzene

(CB, anhydrous) were purchased from Sigma-Aldrich Co. C10-BTBT
and C12-BTBT were synthesized according to the established
procedures.34 Cytop and Parylene-C were purchased from Bellex
International Co. and KISCO Ltd., respectively. All purchased
materials were used as received.

Ink Formulation and Bar-Coating Procedure. The highest
device performances were achieved with the blend solutions at a
concentration of 20 mg mL−1 and at a weight ratio of 3:4 C8-
BTBT:PTAA in a CB solution. The other solutions blended with
PTAA were prepared at a concentration of 20 mg mL−1 for diF-
TESADT, 15 mg mL−1 for C10-BTBT, and 10 mg mL−1 for C12-
BTBT at a weight ratio of 3:4. Before dispensing ink, a wire bar (a
wire distance of 60 μm) was fixed at the bar coater (Printed Electro
Mechanical System, PEMS), which was equipped with a two-axis
motorized positioning system, plate heating system, and layer sensors
for gap control. The coating was proceeded by moving the stage with
the speed of 1−20 mm s−1 after dispensing 60 μL of the solution to
the coating direction side of the bar on the 30 °C heated stage. The
gap between the bar and the substrate was carefully adjusted with 1
μm accuracy.

Fabrication of OTFT. A 300 nm thick thermally grown SiO2/Si
wafer or 125 μm thick flexible plastic film (PEN, Tenjin Dupont)
served as a substrate after sequential cleansing in an ultrasonic bath
with deionized water, acetone, isopropanol, and ethanol for 10 min
each. The source/drain electrodes (Ti 5 nm, Au 20 nm) were
thermally evaporated (rate of 3−5 Å s−1) through a shadow mask
defining channel lengths (50, 100, 150, and 200 μm) and width (1000
μm). Prior to bar-coating, the substrates were exposed to the
ultraviolet ozone cleaner (AH1700, Ahtech LTS) for 15 min. The
formulated inks were deposited onto the pretreated substrates using
the wire-bar coater. The optimized conditions for devices were the
gap distance of 2 μm and the bar speed of 1 mm s−1. Cytop diluted
with CT180 solvent (a volume ratio of 1:5) was spin-coated above the
semiconductor films, and 500 nm thick Parylene-C was vacuum-
deposited by the Parylene coater (OBTPC 500, Obang Technology).
The Al gate electrodes (40 nm thick) were thermally evaporated
through a shadow mask.

Characterization. The crystalline characteristics of small
molecule films was visualized using polarized optical microscopy
(Eclipse 80i, Nikon and Carl Zeiss), and the morphology of films
were collected in the tapping mode by atomic force microscopy
(AFM, Digital Instruments Multimode). 2D-GIXD measurements
were performed using the synchrotron source at the 3C and 9A
beamlines at the Pohang Accelerator Laboratory (PAL) in Korea. The
cross-sectional image of the vertically stratified bilayer structure was
analyzed by transmission electron microscopy (Jeol, JEM-2200FS).
An X-ray photoelectron spectrometer (XPS, ESCALAB 250Xi) with
Ar-ion source etching the films (2 kV, 2 × 2 mm2) were used for
depth profiling. Polarized UV−vis absorption spectra were obtained
using a UV−vis spectrophotometer (CARY-5000, Varian). The
surface and film thickness were analyzed by a Contact Surface
profilometer (NanoMap-PS, HTSK). The electrical characteristics of
the OTFTs were measured using a Keithley 4200-SCS semiconductor
parametric analyzer at a typical temperature in a vacuum chamber.
The field-effect mobility (μFET) and the threshold voltage (Vth) were
estimated in the saturation regime (VDS = −60 or −100 V) using the
following equation
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where ID is the drain current, Ci is the unit capacitance of the gate
dielectric, VGS is the gate-source voltage, W is the channel width, and
L is the channel length. The capacitance−voltage curves were
measured using a semiconductor analyzer (Agilent 4156C) and an
LCR meter (E4980A) in an ambient environment.
Computational Method. Computational fluid dynamics (CFD)

modeling was implemented to figure out how a solvent theprocedure
of crystallization microscopically. The standard ε−k model was used
for the turbulence conditions. Boundary conditions were set at the air,
metal, and substrate interfaces. General equations for the system
conservation are included and were solved numerically using the
ANSYS 17.2 program with Fluent 17.2.0 when the system reaches the
steady state.
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