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(57) ABSTRACT

Disclosed is a method of manufacturing an organic semi-
conductor thin film, including preparing semiconductor ink
containing a solvent, a low-molecular-weight organic semi-
conductor and a high-molecular-weight organic semicon-
ductor and forming an organic semiconductor thin film
vertically phase-separated by applying the semiconductor
ink on a substrate through a bar-coating process using a bar.
In the bar-coating process of the invention, the semiconduc-
tor ink blend is used, and the gap between the substrate and
the bar is adjusted, thus controlling vertical phase separa-
tion. Also, the speed of the bar, the gap of which is adjusted,
is regulated, thus controlling crystal growth, whereby the
uniformity of the thin film is improved and thus a high-
quality organic semiconductor crystalline thin film having a
large area can be manufactured in a continuous process.
Also, a flexible organic semiconductor transistor, having
high stability and high charge mobility, can be provided
using the organic semiconductor thin film.
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METHOD OF MANUFACTURING ORGANIC
SEMICONDUCTOR THIN FILM USING
BAR-COATING PROCESS AND METHOD OF
FABRICATING FLEXIBLE ORGANIC
SEMICONDUCTOR TRANSISTOR
COMPRISING THE SAME

CROSS REFERENCE TO RELATED
APPLICATION

[0001] The present application claims priority to Korean
Patent Application No. 10-2018-0065956, filed Jun. 8, 2018,
the entire contents of which is incorporated herein for all
purposes by this reference.

BACKGROUND OF THE INVENTION

1. Technical Field

[0002] The present invention relates to a method of manu-
facturing an organic semiconductor thin film using a bar-
coating process, and more particularly to a method of
manufacturing an organic semiconductor thin film having
high crystallinity and high mobility using a bar-coating
process, in which a distance between a coating bar and a
substrate and a speed of the coating bar are adjusted, thus
controlling vertical phase separation of the semiconductor
ink blend and the crystal growth of the thin film.

2. Description of the Related Art

[0003] Thorough research is ongoing these days into
organic thin-film transistors (OTFT) that use organic semi-
conductors and are a driving device of a next-generation
display. Organic thin-film transistors may be manufactured
at low cost so as to realize mechanical flexibility and a large
area, which are difficult to obtain using conventional silicon-
based technologies. However, due to the poor electrical
characteristics of organic semiconductor materials used in
organic thin-film transistors, related studies have not yet
entered the commercialization stage. Recently, organic
semiconductor materials having high charge mobility have
been developed, and low-molecular-weight organic semi-
conductor materials having high charge mobility, such as
2,7-dioctyl[1]benzothieno[3,2-b][ 1 [benzothiophene (C8-
BTBT), 2,8-difluoro-5,11-bis (triethylsilylethynyl) anthradi-
thiophene (diF-TESADT), and dinaphtho [2,3-b:2'.3'-f]
thieno[3,2-b]thiophene (DNTT), are particularly receiving
attention. These molecules have high charge mobility values
while forming highly crystalline thin films due to the strong
rt-rt interactions thereof, but it is known that the fabrication
of high-quality thin films through solution processes is very
difficult, attributable to the strong interactions and low
viscosity thereof. Accordingly, liquid coating methods of
low-molecular-weight semiconductor materials having high
mobility have been developed in various ways, and several
approaches have been proposed. Among them, a method of
improving solution processability by blending a high-mo-
lecular-weight organic semiconductor with a low-molecular-
weight semiconductor material is widely used. When the
low-molecular-weight semiconductor ink is blended with
the high-molecular-weight organic semiconductor, the vis-
cosity of the solution may increase, and thus the overall
processability of semiconductor ink is improved. Further-
more, vertical phase separation between the low-molecular-
weight semiconductor and the high-molecular-weight
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organic semiconductor is induced to thus improve the thin-
film crystallinity of the low-molecular-weight material,
which consequently enables the growth of a thin film having
high mobility. However, the ink blend is problematic in that
the low-molecular-weight semiconductor/high-molecular-
weight additive double-layer separation structure is not
sufficiently formed through the conventional solution pro-
cess, and the quality of the thin film is non-uniform due to
the processing conditions. When the bar-coating process of
the present invention is applied, it is easy to control the
vertical phase separation of the low-molecular-weight semi-
conductor/high-molecular-weight additive, thereby making
it possible to manufacture a highly crystalline organic semi-
conductor thin film having high mobility.

[0004] The development of a large-area printing process
for organic semiconductor thin films is a prerequisite to the
commercialization of organic-thin-film-transistor-based
electronic devices. Conventional processes such as spin
coating or inkjet printing have drawbacks in that they are
difficult to use to manufacture a large-area thin film or
cannot be applied to a roll-to-roll process. As a coating
process that enables large-area coating with a highly crys-
talline low-molecular-weight organic semiconductor, bar
coating, dip coating, blade coating and the like have been
proposed. Among them, bar coating is an easy and cost-
effective process for forming a large-area thin film and is
also applicable to a roll-to-toll process, and is thus regarded
as the closest to commercialization.

[0005] However, in the case of highly crystalline low-
molecular-weight materials, it is difficult to obtain a uniform
thin film through bar coating due to strong 7-m interactions,
and it is impossible to control a vertical phase separation
phenomenon even when using high-molecular-weight
organic semiconductors.

[0006] In the conventional bar-coating process, it is pos-
sible to manufacture a low-molecular-weight semiconductor
thin film through blending with a high-molecular-weight
additive, but it is difficult to precisely control vertical phase
separation between the materials, and a uniform thin film
cannot be obtained. Moreover, a flexible polymer substrate
or a substrate having an electrode pattern formed thereon
may be scratched because the coating bar is brought into
close contact with the substrate.

SUMMARY OF THE INVENTION

[0007] Accordingly, the present invention has been made
keeping in mind the problems encountered in the related art,
and the present invention is intended to provide a bar-
coating process, in which semiconductor ink containing a
low-molecular-weight organic semiconductor having high
charge mobility and a high-molecular-weight organic semi-
conductor is used and a gap between a substrate and a
coating bar is adjusted, thereby controlling the vertical phase
separation of the low-molecular-weight organic semicon-
ductor and the high-molecular-weight organic semiconduc-
tor.

[0008] In addition, the present invention is intended to
provide a bar-coating process, in which the speed of the
coating bar, the gap of which is adjusted, is regulated, thus
controlling crystal growth, thereby improving the uniformity
of the thin film and consequently growing a highly crystal-
line thin film having a large area.

[0009] In addition, the present invention is intended to
provide a flexible organic semiconductor transistor having



US 2019/0378979 Al

high stability and high charge mobility using an organic
semiconductor thin film, which is controlled in vertical
phase separation of the semiconductor ink and in crystal
growth.

[0010] Therefore, an aspect of the present invention pro-
vides a method of manufacturing an organic semiconductor
thin film, comprising: (a) preparing semiconductor ink con-
taining a solvent, a low-molecular-weight organic semicon-
ductor and a high-molecular-weight organic semiconductor;
and (b) forming an organic semiconductor thin film that is
vertically phase-separated by applying the semiconductor
ink on a substrate through a bar-coating process using a bar.
[0011] In step (b), the size of the gap between the bar and
the substrate may be adjusted to thus control the vertical
phase separation of the organic semiconductor thin film.
[0012] Instep (b), a movement speed of the bar during the
bar-coating process may be adjusted to thus control a crystal
shape, a crystal size and/or a crystal growth rate of the
organic semiconductor thin film.

[0013] In step (b), the movement speed of the bar during
the bar-coating process may be adjusted to thus control the
crystal growth of the organic semiconductor thin film and
manufacture a high-quality crystal product in a continuous
process.

[0014] Step (b) may include (b-1) performing coating at a
movement speed of the bar ranging from 0.1 to 2 mm/sec
(vl) during the bar-coating process; and (b-2) stopping
movement of the bar after step (b-1) or performing coating
at a movement speed of the bar ranging from 0.01 to 0.05
mmny/sec.

[0015] Here, steps (b-1) and (b-2) may be sequentially or
continuously repeated.

[0016] The organic semiconductor thin film may com-
prise: a high-molecular-weight organic semiconductor layer
formed on the substrate and configured to contain a high-
molecular-weight organic semiconductor; and a low-mo-
lecular-weight organic semiconductor layer formed on the
high-molecular-weight organic semiconductor layer and
configured to contain a low-molecular-weight organic semi-
conductor, the low-molecular-weight organic semiconductor
layer being crystalline.

[0017] The thickness, the flow rate and the phase separa-
tion of the semiconductor ink may be controlled depending
on the size of the gap.

[0018] The size of the gap may be 0.01 to 10 um.
[0019] The speed of the bar during the bar-coating process
may be 0.05 to 2 mm/sec.

[0020] In step (b), vertical phase separation and crystal
growth may occur while the solvent of the semiconductor
ink evaporates.

[0021] The crystal growth rate may be controlled by
adjusting the evaporation rate of the solvent.

[0022] The crystals having a large crystal size may be
grown with a decrease in the evaporation rate of the solvent.
[0023] The crystals of the low-molecular-weight organic
semiconductor may be arranged in the direction of move-
ment of the bar.

[0024] The vertical phase separation may be controlled
using the difference between the surface energy of the
low-molecular-weight organic semiconductor and the sur-
face energy of the high-molecular-weight organic semicon-
ductor. The substrate is hydrophilic, a first organic semicon-
ductor layer containing an organic semiconductor having
relatively high surface energy among the high-molecular-
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weight organic semiconductor and the low-molecular-
weight organic semiconductor may be formed on the sub-
strate, and a second organic semiconductor layer containing
an organic semiconductor having relatively low surface
energy may be formed on the first organic semiconductor
layer, or the substrate is hydrophobic, a second organic
semiconductor layer containing an organic semiconductor
having relatively low surface energy among the high-mo-
lecular-weight organic semiconductor and the low-molecu-
lar-weight organic semiconductor may be formed on the
substrate, and a first organic semiconductor layer containing
an organic semiconductor having relatively high surface
energy may be formed on the second organic semiconductor
layer.

[0025] In order to form the low-molecular-weight organic
semiconductor layer on the high-molecular-weight organic
semiconductor layer, the surface energy of the low-molecu-
lar-weight organic semiconductor may be lower than the
surface energy of the high-molecular-weight organic semi-
conductor.

[0026] In order to form the high-molecular-weight organic
semiconductor layer on the low-molecular-weight organic
semiconductor layer, the surface energy of the low-molecu-
lar-weight organic semiconductor may be higher than the
surface energy of the high-molecular-weight organic semi-
conductor.

[0027] The low-molecular-weight organic semiconductor
may have a molecular weight of 50 to 1,000.

[0028] The high-molecular-weight organic semiconductor
may have a molecular weight of 2,000 to 1,000,000.

[0029] The low-molecular-weight organic semiconductor
may be a compound represented by Structural Formula 1
below.

[Structural Formula 1]

[0030] In Structural Formula 1, X' and X are the same as
or different from each other, and are each independently an
oxygen (O), sulfur (S), nitrogen (N), phosphorus (P) or
selenium (Se) atom, and R' and R* are the same as or
different from each other, and are each independently a
hydrogen atom, a C1 to C30 linear or branched alkyl group,
or a C6 to C30 aryl group.

[0031] The low-molecular-weight organic semiconductor
may include at least one selected from among a pentacene
derivative compound and a TES-ADT (5,11-bis(triethylsi-
lylethynyl) anthradithiophene) derivative compound.

[0032] The high-molecular-weight organic semiconductor
may be a compound represented by Structural Formula 2
below.
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[Structural Formula 2]
Rl

1 N

— —n

[0033] In Structural Formula 2, R* to R® are the same as or
different from each other, and are each independently a
hydrogen atom, a C1 to C30 linear or branched alkyl group,
or a C6 to C30 aryl group, R* and R® are the same as or
different from each other, and are each independently a
hydrogen atom, a C1 to C30 linear or branched alkyl group,
or a C6 to C30 aryl group, and n is any one integer of 1 to
50.

[0034] The high-molecular-weight organic semiconductor
may be an amorphous high-molecular-weight organic semi-
conductor.

[0035] The high-molecular-weight organic semiconductor
may include at least one selected from among poly(triaryl
amine) (PTAA), indacenodithiophene-co-benzothiadiazole

(IDT-BT), and poly(9,9-dioctylfluorene-alt-bithiophene)
(F8T2).
[0036] The low-molecular-weight organic semiconductor

and the high-molecular-weight organic semiconductor may
be mixed at a ratio of 1:10 to 10:1.

[0037] As the size of the grown crystals is larger, charge
mobility may increase.

[0038] Another aspect of the present invention provides a
method of fabricating an organic semiconductor transistor
including the method of manufacturing the organic semi-
conductor thin film.

[0039] Still another aspect of the present invention pro-
vides a method of fabricating an organic transistor, com-
prising: (a) preparing semiconductor ink containing a sol-
vent, a low-molecular-weight organic semiconductor and a
high-molecular-weight organic semiconductor; (b) provid-
ing a substrate and forming source and drain electrodes on
the substrate; (¢) forming an organic semiconductor thin film
that is vertically phase-separated by applying the semicon-
ductor ink on the substrate having the source and drain
electrodes formed thereon through a bar-coating process
using a bar; (d) forming an insulating layer on the organic
semiconductor thin film; and (e) forming a gate electrode on
the insulating layer.

[0040] In a bar-coating process according to the present
invention, semiconductor ink containing a low-molecular-
weight organic semiconductor having high charge mobility
and a high-molecular-weight organic semiconductor, which
are mixed together, is used, and the gap between a substrate
and a coating bar is adjusted, thus controlling the vertical
phase separation of the low-molecular-weight organic semi-
conductor and the high-molecular-weight organic semicon-
ductor.

[0041] Also, the speed of the coating bar, the gap of which
is adjusted, is regulated, thus controlling crystal growth,
whereby the uniformity of the thin film is improved and thus
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a high-quality organic semiconductor crystalline thin film
having a large area can be manufactured in a continuous
process.

[0042] Also, a flexible organic semiconductor transistor,
having high stability and high charge mobility, can be
provided using an organic semiconductor thin film, which is
controlled in vertical phase separation of the semiconductor
ink and in crystal growth.

BRIEF DESCRIPTION OF DRAWINGS

[0043] FIG. 1 schematically shows a process of forming a
film using a wire bar-coating process according to the
present invention and depending on the size of a gap, and
polarized optical microscopy (POM) images of bar-coated
crystals;

[0044] FIG. 2 shows the results of analysis of crystal size
depending on the size of a gap and on the speed of a bar;
[0045] FIG. 3 shows a diagram of vertical phase separa-
tion occurring at the gap in the bar-coating process;
[0046] FIG. 4 shows a transmission electron microscopy
(TEM) image of a double-layer structure formed through
vertical phase separation of a low-molecular-weight organic
semiconductor and a high-molecular-weight organic semi-
conductor in an organic semiconductor thin film according
to the present invention;

[0047] FIG. 5 shows the results of X-ray photoelectron
spectroscopy (XPS) of the thin film depending on the size of
the gap;

[0048] FIG. 6 schematically shows a coating process in
which the stationary phase of the present invention is
programmed;

[0049] FIG. 7 shows POM images of a thin film through
a conventional bar-coating process and a thin film formed
through a bar-coating process of the present invention;
[0050] FIG. 8 shows POM images depending on the
crystal size of the organic semiconductor thin film;

[0051] FIG. 9 is a graph showing the electrical character-
istic transfer curve of an organic transistor including the
organic semiconductor thin film according to the present
invention;

[0052] FIG. 10 is graphs showing changes in charge
mobility and gamma changes depending on the device
temperature of the organic semiconductor thin film accord-
ing to the present invention;

[0053] FIG. 11 is a photograph showing an organic semi-
conductor transistor including the organic semiconductor
thin film according to the present invention having bending
characteristics; and

[0054] FIG. 12 is graphs showing electrical transfer char-
acteristics depending on the extent of bending of the flexible
organic semiconductor transistor including the organic semi-
conductor thin film according to the present invention.

DESCRIPTION OF SPECIFIC EMBODIMENTS

[0055] The present invention may be embodied in many
different forms, and should not be construed as being limited
only to the embodiments set forth herein, but should be
understood to cover all modifications, equivalents or alter-
natives falling within the spirit and technical scope of the
present invention. In the description of the present invention,
detailed descriptions of related known techniques incorpo-
rated herein will be omitted when the same may make the
gist of the present invention unclear.
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[0056] As used herein, the terms “first”, “second”, etc.
may be used to describe various elements, but these ele-
ments are not to be limited by these terms. These terms are
only used to distinguish one element from another. For
example, a first element may be termed a second element,
and similarly, a second element may be termed a first
element, without departing from the scope of the present
invention.

[0057] Further, it will be understood that when an element
is referred to as being “formed” or “stacked” on another
element, it can be formed or stacked so as to be directly
attached to all surfaces or one surface of the other element,
or intervening elements may be present therebetween.
[0058] Unless otherwise stated, the singular expression
includes a plural expression. In this application, the terms
“include” or “have” are used to designate the presence of
features, numbers, steps, operations, elements, parts, or
combinations thereof described in the specification, and
should be understood as not excluding the presence or
additional possible presence of one or more different fea-
tures, numbers, steps, operations, elements, parts, or com-
binations thereof.

[0059] The present invention pertains to a method of
forming an organic semiconductor thin film using a bar-
coating process.

[0060] FIG. 1 shows a process of forming an organic
semiconductor thin film using a bar-coating process accord-
ing to the present invention and a thin-film formation
process depending on the size of a gap.

[0061] Below is a description of a method of manufactur-
ing an organic semiconductor thin film according to the
present invention, made with reference to FIG. 1.

[0062] First, semiconductor ink containing a solvent, a
low-molecular-weight organic semiconductor and a high-
molecular-weight organic semiconductor is prepared (step
a).

[0063] The solvent may include 1,2-dichlorobenzene,
chlorobenzene, toluene, trichlorobenzene, tetralin, tetrahy-
drofuran (THF), chloroform, etc. Preferably, 1,2-dichlo-
robenzene or chlorobenzene is used, and more preferably,
chlorobenzene is used.

[0064] The surface energy of the low-molecular-weight
organic semiconductor may be higher than the surface
energy of the high-molecular-weight organic semiconductor.
[0065] The low-molecular-weight organic semiconductor
has a molecular weight of 50 to 1,000, preferably 50 to 800,
and more preferably 100 to 700.

[0066] The high-molecular-weight organic semiconductor
has a molecular weight of 2,000 to 1,000,000, preferably
4,000 to 800,000, and more preferably 5,000 to 100,000.
[0067] The low-molecular-weight organic semiconductor
may be the compound represented by Structural Formula 1
below.

[Structural Formula 1]

[0068] In Structural Formula 1, X' and X? are the same as
or different from each other, and are each independently an
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oxygen (O), sulfur (S), nitrogen (N), phosphorus (P) or
selenium (Se) atom, and R' and R? are the same as or
different from each other, and are each independently a
hydrogen atom, a C1 to C30 linear or branched alkyl group,
or a C6 to C30 aryl group.

[0069] X' and X? are the same as or different from each
other, and are each independently an oxygen (O), sulfur (S),
nitrogen (N), or selenium (Se) atom, and preferably a sulfur
atom.

[0070] Structural Formula 1 is preferably the compound
represented by Chemical Formula 1 below.

[Chemical Formula 1]

Cy S
S c,
[0071] In Chemical Formula 1, n is 8, 10 or 12, and

preferably n is an integer of 8.

[0072] The low-molecular-weight organic semiconductor
may include a BTBT-based derivative compound, a penta-
cene derivative compound, or a TESADT derivative com-
pound, as represented by Structural Formula 1.

[0073] The high-molecular-weight organic semiconductor
may be the compound represented by Structural Formula 2
below.

[Structural Formula 2]

1 NN

— —ln

[0074] In Structural Formula 2, R* to R? are the same as or
different from each other, and are each independently a
hydrogen atom, a C1 to C30 linear or branched alkyl group,
or a C6 to C30 aryl group, R* and R® are the same as or
different from each other, and are each independently a
hydrogen atom, a C1 to C30 linear or branched alkyl group,
or a C6 to C30 aryl group, and n is any one integer of 1 to
50.

[0075] The high-molecular-weight organic semiconductor
may include poly(triaryl amine) (PTAA), indacenodithio-
phene-co-benzothiadiazole (IDT-BT), poly(9,9-dioctylfluo-
rene-alt-bithiophene) (F8T2), etc., and preferably poly(tri-
aryl amine) (PTAA) is used.

[0076] The high-molecular-weight organic semiconductor
may be an amorphous high-molecular-weight organic semi-
conductor. The amorphous high-molecular-weight organic
semiconductor functions to minimize the interruption of
crystal growth of the low-molecular-weight organic semi-
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conductor in the course of drying the thin film, thereby
forming a semiconductor thin film having high charge
mobility.

[0077] Also, when the energy level of the high-molecular-
weight organic semiconductor is adjusted, it may be used as
a charge injection layer in the organic transistor device.
[0078] The low-molecular-weight organic semiconductor
and the high-molecular-weight organic semiconductor may
be mixed at a ratio of 1:10 to 10:1, and preferably the
low-molecular-weight organic semiconductor and the high-
molecular-weight organic semiconductor are mixed at a
ratio of 3:2 or 7:3.

[0079] The amount of the solvent is set such that the
solution containing the mixture of the low-molecular-weight
organic semiconductor and the high-molecular-weight
organic semiconductor has a concentration of 2.0 wt %,
thereby preparing the semiconductor ink. The concentration
of the solution containing the mixture of the low-molecular-
weight organic semiconductor and the high-molecular-
weight organic semiconductor is not limited thereto, and the
semiconductor ink may be prepared such that the concen-
tration of the solution is 1.0 or 1.5 wt % depending on the
kind of the low-molecular-weight material.

[0080] Finally, the semiconductor ink is applied on a
substrate through a bar-coating process using a bar, thus
forming an organic semiconductor thin film that is vertically
phase-separated (step b).

[0081] In step (b), the organic semiconductor thin film
may be manufactured in a continuous process in a coating
direction.

[0082] Step (b) may be performed in two steps.

[0083] Specifically, coating is performed at a movement
speed of the bar ranging from 0.1 to 2 mm/sec (v1) during
the bar-coating process (step b-1).

[0084] Next, the movement of the bar may be stopped
after step (b-1), or coating may be performed at a movement
speed of the bar ranging from 0.01 to 0.05 mm/sec (step
b-2).

[0085] Here, steps (b-1) and (b-2) may be sequentially or
continuously repeated.

[0086] The organic semiconductor thin film includes a
high-molecular-weight organic semiconductor layer, formed
on the substrate and configured to contain a high-molecular-
weight organic semiconductor, and a low-molecular-weight
organic semiconductor layer, formed on the high-molecular-
weight organic semiconductor layer and configured to con-
tain a low-molecular-weight organic semiconductor, the
low-molecular-weight organic semiconductor layer being
crystalline.

[0087] The size of the gap between the bar and the
substrate may be adjusted, thus controlling the vertical phase
separation of the organic semiconductor thin film.

[0088] Also, the movement speed of the bar during the
bar-coating process may be adjusted, and thus a crystal
shape, a crystal size and/or a crystal growth rate of the
organic semiconductor thin film may be controlled, and a
high-quality crystal product may be manufactured in a
continuous process.

[0089] The organic semiconductor thin film may be a
double layer configured such that the low-molecular-weight
organic semiconductor is formed on the high-molecular-
weight organic semiconductor.

[0090] The high-molecular-weight organic semiconductor
layer of the double layer formed through vertical phase
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separation facilitates charge injection from the source elec-
trode of the transistor into the low-molecular-weight organic
semiconductor layer, and functions to reduce contact resis-
tance.

[0091] Also, the organic semiconductor thin film may be
a double layer such that the high-molecular-weight organic
semiconductor is formed on the low-molecular-weight
organic semiconductor.

[0092] The thickness, the flow rate, and the phase sepa-
ration of the semiconductor ink may be controlled depend-
ing on the size of the gap.

[0093] The vertical phase separation of the low-molecular-
weight organic semiconductor and the high-molecular-
weight organic semiconductor contained in the semiconduc-
tor ink may be controlled through the gap, and the gap
causes changes in the flow of the solvent in the applied
solution to thus facilitate the phase separation of the low-
molecular-weight organic semiconductor and the high-mo-
lecular-weight organic semiconductor.

[0094] The thickness of the applied solution and the flow
rate in the solution vary depending on the size of the gap,
which consequently causes a difference in the extent of
vertical phase separation of two materials having different
surface energy values and viscosity values. The organic
semiconductor thin film manufactured at the optimal gap has
a double-layer structure of low-molecular-weight organic
semiconductor layer/high-molecular-weight organic semi-
conductor layer, and is thus suitable for lateral charge
transfer, which is favorable for driving an organic field-
effect transistor.

[0095] The size of the gap is 0.01 to 10 um, preferably
0.05 to 5.0 um, and more preferably 0.1 to 2.0 um.

[0096] The vertical phase separation effect may increase
with a decrease in the size of the gap.

[0097] The vertical phase separation is controlled using
the difference between the surface energy of the low-
molecular-weight organic semiconductor and the surface
energy of the high-molecular-weight organic semiconductor.
The substrate is hydrophilic, a first organic semiconductor
layer containing an organic semiconductor having relatively
high surface energy, among the high-molecular-weight
organic semiconductor and the low-molecular-weight
organic semiconductor, may be formed on the substrate, and
a second organic semiconductor layer containing an organic
semiconductor having relatively low surface energy may be
formed on the first organic semiconductor layer. Alterna-
tively, the substrate is hydrophobic, a second organic semi-
conductor layer containing an organic semiconductor having
relatively low surface energy, among the high-molecular-
weight organic semiconductor and the low-molecular-
weight organic semiconductor, may be formed on the sub-
strate, and a first organic semiconductor layer containing an
organic semiconductor having relatively high surface energy
may be formed on the second organic semiconductor layer.
[0098] In order to form the low-molecular-weight organic
semiconductor layer on the high-molecular-weight organic
semiconductor layer, the surface energy of the low-molecu-
lar-weight organic semiconductor may be lower than that of
the high-molecular-weight organic semiconductor.

[0099] In order to form the high-molecular-weight organic
semiconductor layer on the low-molecular-weight organic
semiconductor layer, the surface energy of the low-molecu-
lar-weight organic semiconductor may be higher than that of
the high-molecular-weight organic semiconductor.
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[0100] In the bar-coating process, the speed of the bar is
0.05 to 2 mny/sec, preferably 0.1 to 2 mm/sec, and more
preferably 0.2 to 2 mm/sec.

[0101] In step (b), vertical phase separation and crystal
growth may occur while the solvent of the solution evapo-
rates.

[0102] The crystal growth rate may be controlled by
adjusting the evaporation rate of the solvent, and crystals
having a large crystal size may be grown with a decrease in
the evaporation rate of the solvent.

[0103] The crystals of the low-molecular-weight organic
semiconductor may be arranged in the direction of move-
ment of the bar.

[0104] Inthe conventional bar-coating process, the growth
of crystals is initiated at various parts of the applied solution
because of the high evaporation rate of the solvent after
coating, which results in a decrease in the crystal size of the
low-molecular-weight organic semiconductor after drying
the thin film. In order to prevent the formation of additional
crystal growth points, the crystal growth rate and the solvent
evaporation rate should be similar to each other. This
suppresses the “slippage” phenomenon of the droplet-drying
line during thin-film formation to thus allow large crystals to
Zrow.

[0105] In the present invention, the speed of the coating
bar is programmed, thereby enabling continuous production
of a highly crystalline thin film without causing a “slippage”
phenomenon even at a processing speed suitable for an
industrial process.

[0106] The larger the crystal size, the higher the charge
mobility. Therefore, the solvent evaporation rate may be
controlled by adjusting the speed of the wire bar, thus
increasing the crystal size.

[0107] The crystal size may fall in the range of 1 mm to
5 mm.
[0108] In addition, the present invention pertains to a

method of fabricating an organic semiconductor transistor
including the method of manufacturing the organic semi-
conductor thin film.

[0109] According to the present invention, the method of
fabricating an organic transistor includes (a) preparing semi-
conductor ink containing a solvent, a low-molecular-weight
organic semiconductor and a high-molecular-weight organic
semiconductor, (b) providing a substrate and forming source
and drain electrodes on the substrate, (¢) forming an organic
semiconductor thin film that is vertically phase-separated by
applying the semiconductor ink on the substrate having the
source and drain electrodes formed thereon through a bar-
coating process using a bar, (d) forming an insulating layer
on the organic semiconductor thin film, and (e) forming a
gate electrode on the insulating layer.

[0110] The insulating layer may be formed of poly(per-
fluorobutenylvinylether) (Cytop), Parylene, poly(methyl
methacrylate) (PMMA), poly(styrene) (PS), etc., and pref-
erably  poly(perfluorobutenylvinylether (Cytop) and
Parylene are used.

[0111] The insulating layer may have a stack structure
configured such that Parylene is formed on Cytop.

[0112] A better understanding of the present invention will
be given through the following examples, which are merely
set forth to illustrate the present invention but are not to be
construed as limiting the scope of the present invention.
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EXAMPLES

Preparation Example 1: Preparation of
Semiconductor Ink

[0113] As a low-molecular-weight organic semiconductor,
C8-BTBT (2,7-diocty][1]benzothieno|[3,2-b][1]benzothio-
phene, molecular weight: 464.77) and, as a high-molecular-
weight organic semiconductor, PTAA (poly[bis(4-phenyl)
(2,4,6-trimethylphenyl)amine], molecular weight: 7,000 to
10,000) were mixed at a ratio of 3:2 to give a mixture, which
was then dissolved in a chlorobenzene (CB) solvent so that
a solution concentration was 2.0 wt %, thereby preparing
semiconductor ink.

[0114] The semiconductor ink thus prepared was stirred at
3,000 rpm for about 30 min on a hot plate at 50° C., thus
obtaining semiconductor ink.

[0115] Table 1 below shows the solubility of the low-
molecular-weight organic semiconductor, for example,
C8-BTBT, and the high-molecular-weight organic semicon-
ductor, for example, PTAA.

TABLE 1
Compound (Solubility parameter (MP, Y2
C8BTBT 16.62
PTAA 23.1

[0116] Table 2 below shows the surface energy of the
low-molecular-weight organic semiconductor, for example,
C8-BTBT, and the high-molecular-weight organic semicon-
ductor, for example, PTAA.

TABLE 2

Contact angle (%) Surface tension (mJ/m?)

Compound DI water  Diiodomethane v L Ys
C8-BTBT 68 56 30.9 11.4 42.3
PTAA 91 22 47.2 0.3 47.5

Preparation Example 2: Preparation of Substrate
Including Electrodes

[0117] Ti (2 nm)/Au (20 nm) electrodes were subjected to
thermal evaporation through a patterned mask on a 2 cmx2
cm sized Si/SiO, 300 nm wafer substrate washed with
acetone, isopropyl alcohol (IPA) and deionized water (DI
water), thus forming source/drain electrodes. In order to
increase the hydrophilicity of the Au—Ti/silicon wafer
substrate, UV ozone treatment was performed for 15 min,
thus manufacturing a substrate having source/drain elec-
trodes formed thereon.

Example 1: Organic Semiconductor Thin Film
Comprising Low-Molecular-Weight Organic
Semiconductor Layer Formed on
High-Molecular-Weight Organic Semiconductor
Layer

[0118] A thin film was manufactured through a wire
bar-coating process, the gap of which was capable of being
adjusted, using the semiconductor ink of Preparation
Example 1. As a bar coater for the bar-coating process, a
printed electro-mechanical system (PEMS) was used.



US 2019/0378979 Al

[0119] The substrate having source/drain electrodes of
Preparation Example 2 was exposed to UV ozone for 15
min, whereby the substrate was made hydrophilic, after
which 60 puL of the semiconductor ink blend of Preparation
Example 1 was spread between the substrate and the wire
bar. After moving by 1 mm under conditions of a gap of 2
um and a coating speed of 1 mm/sec, a stationary phase for
stopping the coating movement for 1 sec and a moving phase
at a coating speed of 1 mm/sec were repetitively performed.
The bar-coating process was conducted under the above
conditions, thereby manufacturing a high-quality crystalline
organic semiconductor thin film on the substrate having
source/drain electrodes in a continuous process.

[0120] The organic semiconductor thin film was config-
ured such that the low-molecular-weight organic semicon-
ductor layer was formed on the high-molecular-weight
organic semiconductor layer.

Example 2: Organic Semiconductor Thin Film
Comprising High-Molecular-Weight Organic
Semiconductor Layer Formed on
Low-Molecular-Weight Organic Semiconductor
Layer

[0121] A thin film was manufactured through a wire
bar-coating process, the gap of which was capable of being
adjusted, using the semiconductor ink of Preparation
Example 1. As a bar coater for the bar-coating process, a
printed electro-mechanical system (PEMS) was used.
[0122] The substrate having source/drain electrodes of
Preparation Example 2 was coated with an octadecyltrichlo-
rosilane (OTS) self-assembled monolayer (SAM), after
which 60 puL of the semiconductor ink blend of Preparation
Example 1 was spread between the substrate and the wire
bar. After moving by 1 mm under conditions of a gap of 2
um and a coating speed of 1 mm/sec, a stationary phase for
stopping the coating movement for 1 sec and a moving phase
at a coating speed of 1 mm/sec were repetitively performed.
The bar-coating process was conducted under the above
conditions, thereby manufacturing a high-quality crystalline
organic semiconductor thin film on the substrate having
source/drain electrodes in a continuous process.

[0123] The organic semiconductor thin film was config-
ured such that the high-molecular-weight organic semicon-
ductor layer was formed on the low-molecular-weight
organic semiconductor layer.

Device Example 1: Fabrication of Transistor
Including Organic Semiconductor Thin Film

[0124] The substrate including the organic semiconductor
thin film of Example 1 was subjected to spin coating with
poly(perfluorobutenylvinylether) (Cytop) diluted at a ratio
of 1:5 at 3,000 rpm for 60 sec, and a Parylene thin film
having a thickness of 300 nm was then subjected to vacuum
thermal evaporation, thus manufacturing a stack comprising
Parylene/Cytop/blended thin film/Au-Ti/silicon wafer. A
gate electrode was thermally deposited with Al using a
patterned mask on the substrate, thus fabricating an organic
transistor including the organic semiconductor thin film of
Example 1.

Comparative Example 1: Organic Semiconductor
Thin Film Using Conventional Bar-Coating Process

[0125] An organic semiconductor thin film was manufac-
tured in the same manner as in Example 1, with the
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exception that a bar-coating process was performed through
direct contact at a coating speed of 1 to 10 cm/sec, in lieu of
the bar-coating process at a gap of 2 um and a coating speed
of 1 mm/sec.

Comparative Example 2: Organic Semiconductor
Thin Film (at Large Gap)

[0126] An organic semiconductor thin film was manufac-
tured in the same manner as in Example 1, with the
exception that the gap was 100 to 200 um, in lieu of the gap
of 2 um in Example 1.

TEST EXAMPLES

Test Example 1: Crystallinity of Thin Film
Depending on Gap Size and Coating Bar Speed

[0127] FIG. 2 shows the results of analysis of the crystal
size of the organic semiconductor thin film depending on the
size of a gap and on the speed of a wire bar.

[0128] With reference to FIG. 2, when the speed of the
wire bar was 10 mm/sec, a thin film having high crystallinity
was formed with a decrease in the size of the gap, and a thin
film having high crystallinity was formed with a decrease in
the speed of the wire bar in the bar-coating process.
[0129] These results mean that the size of the gap and the
speed of the bar should be controlled in order to manufacture
a highly crystalline organic semiconductor thin film.

Test Example 2: Double-Layer Structure Through
Vertical Phase Separation of Semiconductor Ink

[0130] FIG. 4 shows a TEM (Transmission Electron
Microscopy) image of the double-layer structure formed
through vertical phase separation of the low-molecular-
weight organic semiconductor and the high-molecular-
weight organic semiconductor of the organic semiconductor
thin film according to the present invention.

[0131] With reference to FIG. 4, the organic semiconduc-
tor thin film configured such that the low-molecular-weight
organic semiconductor C8-BTBT was formed on the high-
molecular-weight organic semiconductor PTAA can be con-
firmed to be formed through vertical phase separation.
[0132] Thus, when vertical phase separation occurs while
the semiconductor ink is crystallized, it can be confirmed to
form the double-layer structure, in which the high-molecu-
lar-weight organic semiconductor having high surface
energy is located at a lower position and the low-molecular-
weight organic semiconductor having relatively low surface
energy is located at an upper position.

Test Example 3: Extent of Vertical Phase
Separation Depending on Gap Size

[0133] FIG. 5 shows the results of X-ray photoelectron
spectroscopy (XPS) depending on the depth of the organic
semiconductor thin films differently manufactured at differ-
ent gap sizes, in which the extent of phase separation can be
confirmed depending on the concentration distribution of
sulfur contained in the low-molecular-weight organic semi-
conductor.

[0134] With reference to FIG. 5, the organic semiconduc-
tor thin film manufactured using a drop-casting process
having no gap can be confirmed to distribute sulfur regard-
less of the depth thereof, which means that the low-molecu-
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lar-weight organic semiconductor containing sulfur is dis-
tributed without vertical phase separation.

[0135] On the other hand, the organic semiconductor thin
film of Example 1 can be confirmed to have high sulfur
concentration at the surface thereof and low sulfur concen-
tration at the deep portion thereof, which means that the
low-molecular-weight organic semiconductor containing
sulfur is layer-separated due to vertical phase separation and
thus located at an upper position.

[0136] Accordingly, vertical phase separation can be
found to vary depending on the presence of the gap.

Test Example 4: Image Analysis of Organic
Semiconductor Thin Film Manufactured Through
Bar-Coating Process of the Present Invention

[0137] FIG. 6 schematically shows a coating process in
which the speed control for controlling the moving phase
and the stationary phase according to the present invention
is programmed, and FIG. 7 shows POM (Polarized Optical
Microscopy) images of the limited crystalline film using a
conventional bar-coating process and the thin film using the
bar-coating process according to the present invention.

[0138] With reference to FIG. 6, when using the coating
process according to the present invention in which the
speed control for controlling the moving phase and the
stationary phase is programmed, the stationary phase is
programmed before “slippage”, whereby capillary force is
prevented from exceeding pinning force, thus inducing
continuous crystal growth.

[0139] With reference to FIG. 7, the thin film formed using
the bar-coating process in which the speed control for
controlling the moving phase and the stationary phase is
programmed can be confirmed to have a long crystal length
and a large crystal size, and the thin film formed using the
non-programmed bar-coating process can be confirmed to
have a limited crystal length.

[0140] Accordingly, the speed is controlled in the bar-
coating process of the present invention, thereby effectively
controlling crystal growth and crystal size.

Test Example 5: Extent of Vertical Phase
Separation Depending on Gap Size

[0141] FIG. 8 shows POM images of the organic semi-
conductor thin film depending on the crystal size.

[0142] With reference to FIG. 8, the large crystal size was
at least 1 to 2 mm, the moderate crystal size was 200 to 300
um, and the small crystal size was about 5 um.

Test Example 6: Analysis of Electrical
Characteristics of Transistor Depending on Crystal
Size of Organic Semiconductor Thin Film-1

[0143] FIG. 9 shows the results of analysis of electrical
characteristics of the organic transistor depending on the
crystal size of the organic semiconductor thin film at V¢ of
-100 V.

[0144] With reference to FIG. 9, the organic transistor
including the organic semiconductor thin film having a large
crystal size can be confirmed to have a high carrier mobility
of 26.1 cm?/Vs at a maximum and an on/off ratio of ~10.
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Test Example 7: Analysis of Electrical
Characteristics of Transistor Depending on Crystal
Size of Organic Semiconductor Thin Film-2

[0145] FIG. 10 shows the results of analysis of charge
mobility depending on the crystal size.

[0146] With reference to FIG. 10, as the crystal size
increases, charges are transferred in a band-like manner, and
thus charge mobility can be confirmed to be superior, unlike
hopping transfer. Hopping charge transfer is deemed to
occur because the grain boundary that interrupts charge
transfer is increased with a decrease in the crystal size.
[0147] Thus, the crystal growth can be controlled using
the bar-coating process of the present invention in order to
improve the characteristics of the transistor including the
organic semiconductor thin film.

Test Example 8: Changes in Electrical
Characteristics of Organic Transistor Depending on
Extent of Bending

[0148] FIG. 11 is an image showing the bendability of the
organic transistor of Device Example 1, and FIG. 12 shows
the electrical characteristics depending on the extent of
bending of the organic transistor of Device Example 1.
[0149] With reference to FIGS. 11 and 12, the charge
mobility of the organic transistor of Device Example 1 was
similar before and after bending, and changes in charge
mobility depending on the extent of bending were not great.
[0150] Typically, a highly crystalline organic semiconduc-
tor thin film is easily damaged by bending, but the organic
semiconductor thin film according to the present invention
was determined to have excellent bending stability.

[0151] Thus, the transistor of the present invention is
evaluated to have good bendability and high bending sta-
bility.

[0152] The scope of the invention is represented by the
claims below rather than the aforementioned detailed
description, and all of the changes or modified forms that are
capable of being derived from the meaning, range, and
equivalent concepts of the appended claims should be con-
strued as being included in the scope of the present inven-
tion.

What is claimed is:

1. A method of manufacturing an organic semiconductor
thin film, comprising:

(a) preparing semiconductor ink containing a solvent, a
low-molecular-weight organic semiconductor and a
high-molecular-weight organic semiconductor; and

(b) forming an organic semiconductor thin film that is
vertically phase-separated by applying the semiconduc-
tor ink on a substrate through a bar-coating process
using a bar.

2. The method of claim 1, wherein, in step (b), a size of

a gap between the bar and the substrate is adjusted to thus
control vertical phase separation of the organic semiconduc-
tor thin film.

3. The method of claim 1, wherein, in step (b), a move-
ment speed of the bar during the bar-coating process is
adjusted to thus control a crystal shape, a crystal size and/or
a crystal growth rate of the organic semiconductor thin film.

4. The method of claim 1, wherein step (b) comprises:

(b-1) performing coating at a movement speed of the bar
ranging from 0.1 to 2 mm/sec (v1) during the bar-
coating process; and
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(b-2) stopping movement of the bar after step (b-1) or
performing coating at a movement speed of the bar
ranging from 0.01 to 0.05 mm/sec.

5. The method of claim 4, wherein steps (b-1) and (b-2)

are sequentially or continuously repeated.

6. The method of claim 1, wherein the organic semicon-
ductor thin film comprises:

a high-molecular-weight organic semiconductor layer
formed on the substrate and configured to contain a
high-molecular-weight organic semiconductor; and

a low-molecular-weight organic semiconductor layer
formed on the high-molecular-weight organic semicon-
ductor layer and configured to contain a low-molecular-
weight organic semiconductor,

the low-molecular-weight organic semiconductor layer
being crystalline.

7. The method of claim 2, wherein a thickness, a flow rate
and a phase separation of the semiconductor ink are con-
trolled depending on the size of the gap.

8. The method of claim 2, wherein the size of the gap is
0.01 to 10 pm.

9. The method of claim 3, wherein the speed of the bar
during the bar-coating process is 0.05 to 2 mm/sec.

10. The method of claim 1, wherein, in step (b), vertical
phase separation and crystal growth occur while the solvent
of the semiconductor ink evaporates.

11. The method of claim 10, wherein a crystal growth rate
is controlled by adjusting an evaporation rate of the solvent.

12. The method of claim 1, wherein crystals of the
low-molecular-weight organic semiconductor are arranged
in a direction of movement of the bar.

13. The method of claim 1, wherein vertical phase sepa-
ration is controlled using a difference between surface
energy of the low-molecular-weight organic semiconductor
and surface energy of the high-molecular-weight organic
semiconductor,

the substrate is hydrophilic, a first organic semiconductor
layer containing an organic semiconductor having rela-
tively high surface energy among the high-molecular-
weight organic semiconductor and the low-molecular-
weight organic semiconductor is formed on the
substrate, and a second organic semiconductor layer
containing an organic semiconductor having relatively
low surface energy is formed on the first organic
semiconductor layer, or

the substrate is hydrophobic, a second organic semicon-
ductor layer containing an organic semiconductor hav-
ing relatively low surface energy among the high-
molecular-weight organic semiconductor and the low-
molecular-weight organic semiconductor is formed on
the substrate, and a first organic semiconductor layer
containing an organic semiconductor having relatively
high surface energy is formed on the second organic
semiconductor layer.

14. The method of claim 1, wherein the low-molecular-
weight organic semiconductor has a molecular weight of 50
to 1,000.

15. The method of claim 1, wherein the high-molecular-
weight organic semiconductor has a molecular weight of
2,000 to 1,000,000.

16. The method of claim 1, wherein the low-molecular-
weight organic semiconductor is a compound represented by
Structural Formula 1 below:
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[Structural Formula 1]

in Structural Formula 1,

X" and X? are the same as or different from each other, and
are each independently an oxygen (O), sulfur (S),
nitrogen (N), phosphorus (P) or selenium (Se) atom,
and

R and R? are the same as or different from each other, and
are each independently a hydrogen atom, a C1 to C30
linear or branched alkyl group, or a C6 to C30 aryl
group.

17. The method of claim 1, wherein the low-molecular-
weight organic semiconductor includes at least one selected
from among a pentacene derivative compound and a TES-
ADT (5,11-bis(triethylsilylethynyl)anthradithiophene)
derivative compound.

18. The method of claim 1, wherein the high-molecular-
weight organic semiconductor is a compound represented by
Structural Formula 2 below:

[Structural Formula 2]
Rl

in Structural Formula 2,

R! to R? are the same as or different from each other, and
are each independently a hydrogen atom, a C1 to C30
linear or branched alkyl group, or a C6 to C30 aryl
group,

R*and R? are the same as or different from each other, and
are each independently a hydrogen atom, a C1 to C30
linear or branched alkyl group, or a C6 to C30 aryl
group, and

n is any one integer of 1 to 50.

19. The method of claim 1, wherein the high-molecular-
weight organic semiconductor includes at least one selected
from among poly(triaryl amine) (PTAA), indacenodithio-
phene-co-benzothiadiazole (IDT-BT), and poly(9,9-dioctyl-
fluorene-alt-bithiophene) (F8T2).

20. A method of fabricating an organic transistor, com-
prising:

(a) preparing semiconductor ink containing a solvent, a
low-molecular-weight organic semiconductor and a
high-molecular-weight organic semiconductor;

(b) providing a substrate and forming source and drain
electrodes on the substrate;

(c) forming an organic semiconductor thin film that is
vertically phase-separated by applying the semiconduc-
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tor ink on the substrate having the source and drain
electrodes formed thereon through a bar-coating pro-
cess using a bar;

(d) forming an insulating layer on the organic semicon-
ductor thin film; and

(e) forming a gate electrode on the insulating layer.

#* #* #* #* #*



