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Metal-Insulator—Semiconductor Coaxial Microfibers Based
on Self-Organization of Organic Semiconductor:Polymer
Blend for Weavable, Fibriform Organic Field-Effect
Transistors
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. . A . . . 1. Introduction
With the increasing importance of electronic textiles as an ideal platform for

wearable electronic devices, requirements for the development of functional .
With the recent demand for smart wear-

electronic fibers with multilayered structures are increasing. In this paper,
metal-polymer insulator-organic semiconductor (MIS) coaxial microfibers
using the self-organization of organic semiconductor:insulating polymer
blends for weavable, fibriform organic field-effect transistors (FETs) are dem-
onstrated. A holistic process for MIS coaxial microfiber fabrication, including
surface modification of gold microfiber thin-film coating on the microfiber
using a die-coating system, and the self-organization of organic semicon-
ductor-insulator polymer blend is presented. Vertical phase-separation of

the organic semiconductor:insulating polymer blend film wrapping the metal
microfibers provides a coaxial bilayer structure of gate dielectric (inside)

and organic semiconductor (outside) with intimate interfacial contact. It is
determined that the fibriform FETs based on MIS coaxial microfiber exhibit
good charge carrier mobilities that approach the values of typical devices with
planar substrate. It additionally exhibits electrical property uniformity over the

able electronic devices, the electrical tex-
tile (e-textile) has garnered considerable
attention as an ideal device platform on
account of its light weight, flexibility,
and comfort for wearing. Compared with
conventional thin-film-based electronic
devices, e-textile electronic devices are
integrated into the fiber itself or built
into the fabric by weaving the functional
electronic fibers. To date, many research
groups have shown the feasibility of e-tex-
tile structures in various applications in
supercapacitors,!'3l sensors,[* energy
harvesting”#] and storage devices,*%
light-emitting diodes,''"1 and transis-
tors.>24 Tt has been shown that devel-

oping electronic materials with fibrous
structure and a multilayered assembly
are critical for realizing e-textile-based
wearable devices. Among various elec-
tronic devices, the fibriform transistor
is a key component for organizing the
electronic circuit in a textile platform.
Two types of fiber-based transistors with different operation
principles have been demonstrated: The electrochemical
transistorl>1 and field-effect transistor.?*-?) The former
devices were fabricated by creating junctions using two con-
ducting fibers and adding an electrolyte lump at the junction
of the fibers. Although this type of transistor is relatively easy
to fabricate, critical drawbacks include fiber dislocation by
mechanical deformation and a long response time, which can
be problematic for practical use.l?’! In comparison, field-effect
transistors (FETs) based on a multilayered thin-film structure
of conducting electrodes, an insulator, and a semiconductor
exhibited good electrical performance and mechanical com-
patibility for a flexible substrate. In particular, organic FETs
(OFETs) comprised of organic or polymeric electronic mate-
rials have been shown to be a promising component for e-tex-
tile applications on account of their flexibility, light weight,
and ease of implementation. However, fiber-based OFET is

entire fiber surface and improved bending durability. Fibriform organic FET
embedded in a textile is demonstrated by weaving MIS coaxial microfibers
with cotton and conducting threads, which verifies the feasibility of MIS
coaxial microfiber for use in electronic textile applications.
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still challenging because charge transport in OFETs is very
sensitive to thin-film properties including the interfacial
properties of gate insulator and organic semiconductor, sur-
face roughness of the substrate, and molecular orientation of
organic semiconductors.

In previous reports, OFETs fabricated on metallic single
fiber were demonstrated by using vacuum-deposited metal-
oxide dielectrics and organic semiconductors.?%2! However,
these devices showed poor bending durability and electrical
performance compared with planar OFETs with the same
device configuration owing to the rough interface of metallic
fiber substrate. More recently, Jang et al. reported cylindrical
OFETs with high bending stability. The electropolishing of
aluminium wire and coating of the polymer dielectric layer
on the wire improved the roughness of the metal wire sur-
face.)l However, the demonstrated fiber-based OFETs were
only built on one side of the fiber using vacuum deposition
of the semiconductor and electrode layer. This approach is
limited for integrating them into the textile with conducting
interconnects. Furthermore, fabrication of fibriform OFETs
using a simple solution coating of organic thin layers has not
been demonstrated until now. To make the fibriform OFETs
practical, metal-insulator—semiconductor coaxial fibers with
smooth interfaces, and organic semiconductor thin-films
with controlled molecular orientation via a facile solution
process, should be developed.

Here, we propose a simple strategy for the fabrication of
metal-polymer insulator-organic semiconductor (MIS) coaxial
microfibers for realization of weavable fibriform OFETs.
The strategy is initiated with a surface modification of metal
microfiber to improve the wettability of the polymer solu-
tion in the coating process and the interface adhesion of the
coated thin-films on the microfibers. In particular, we utilize
vertical phase-separation of organic semiconductor:insulating
polymer blends to obtain homogeneously coated coaxial
bilayers of insulating polymer (inside) and organic semi-
conductor (outside) thin-films on the metal microfiber sur-
face. In previous works, we successfully demonstrated
OFET devices based on vertical phase-separation of organic
semiconductor:insulating polymer blends, whereby separate
functional layers of the semiconductor and gate insulator
or semiconductor and the top passivation layer in the OFET
device were deposited in a one-step film deposition pro-
cess.[?°-28 This is a promising approach for fabricating MIS
coaxial microfibers because the excellent film-forming prop-
erties inherent with polymer component facilitates coating of
the thin-films on the microfiber as well as formation of the
intimate interface between the dielectric and semiconductor
layers which is critical for the achievement of transistor per-
formance. In this work, demonstrated fibriform transistor
based on the MIS coaxial microfiber showed good electrical
performance comparable to that of typical devices fabricated
on planar substrate. It was confirmed that the electrical per-
formances of the MIS coaxial microfiber over the entire fiber
surface were almost identical. Finally, the fibriform OFET
was successfully integrated into fabric by weaving MIS
coaxial microfibers with cotton and conducting threads as
source and drain electrodes.
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2. Results and Discussion

2.1. Fabrication and Characterization of MIS Coaxial Microfiber

Figure 1 presents a holistic process for the fabrication of MIS
coaxial microfibers based on organic semiconductor:insulating
polymer blend. The process involves surface modification of
the Au microfiber, die-coating of the polymer blend solution,
and annealing of the coated blend film for leading vertical
phase-separation and crystallization of the organic semicon-
ductor. The Au microfiber with a 100-pm diameter was used
as the core fiber substrate, which also served as a gate electrode
of the FET device. Because the Au microfiber surface had poor
surface wettability and interfacial adhesion, the surface modi-
fication was needed. In this work, mussel-inspired polydopa-
mine (pDA) surface-adherent polymer was demonstrated as a
surface modification layer of the Au microfiber. pDA is a prom-
ising material because the surface coating on a wide variety of
substances can be achieved through a simple dip-coating pro-
cess, and it can effectively change the surface characters of the
substances to be hydrophilic.[?%3%

Simple immersion of the Au microfibers in an aqueous solu-
tion of dopamine resulted in spontaneous coating of the pDA
film covering the fibers. Although a very thin layer (<10 nm) of
pDA was formed on the Au surface, the decrease in the water
contact angle on the Au surface from 70° to 33° after pDA
coating clearly indicates that the wettability of the Au surface
changed to be more hydrophilic by the pDA coating (Figure S1,
Supporting Information). Figure 2 exhibits cross-sectional and
top scanning electron microscopy (SEM) images of Au micro-
fibers coated by the thin polymer films through the die-coating
method. Compared to the use of a pristine Au microfiber
(Figure S2, Supporting Information), the pDA-treated Au
microfiber shows good film adhesion without the films being
peeled off (Figure 2a). Furthermore, surface modification of the
Au microfiber by the pDA coating additionally improves the
vertical phase-separation in the blend films coated on the Au
microfibers. (A detailed explanation of phase-separation of the
polymer blend film is discussed further below.)

For uniform coating of polymer thin-films on the Au micro-
fiber, a die-coating system was developed (Figure 1). The pDA-
treated Au microfiber passed through the T-shaped glass tube as
a reservoir in which the polymer blend solution was continuously
supplied from the syringe to fill inside the tube. The polymer
solution was entrained by drawing of the fiber. The coated thin
polymer layer was then dried by the heating unit next to the
coating unit. In previous reports, coating of functional mate-
rials on fibers was performed using a dip-coating method.['123]
However, nonuniform film coating, like a pearl necklace, can
commonly occur in the dip-coating process (Figure S3, Sup-
porting Information). Fluid coating on fiber is governed by
various parameters, such as the fluid viscosity, coating velocity,
solution meniscus, and solvent drying condition.’) Compared
to the dip-coating method, the die-coating system is beneficial
for controlling the coating meniscus by varying the diameter of
the tube, the fiber drawing speed, and the drying temperature of
the heating unit.” In the proposed die-coating system, the thick-
ness of coated film (t) on Au microfibers was controlled from
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Figure 1. Schematic illustration for fabrication procedure of MIS microfibers with polymer insulator/organic semiconductor coaxial structure.

85 to 650 nm by varying the coating velocity of the microfiber
(v) from 10 to 110 mm min~' (Figure 2b). It is notable that the
plot of coating thickness versus the coating velocity exhibited
two distinct regimes. One is that t increased with each incre-
ment of v. In the other regime, on the other hand, t decreased
as v increased. It is known that the coating thickness relates
to the relationship between viscous forces and flows due to
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capillarity, which is known as Landau, Levich, and Derjaguin
(LLD) equation, whereby the coated thickness is (t) = 134Ca5 when
Ca<1. Ca denotes the capillary number ca =19, where U is the
coating velocity, ¥ is the interfacial tension, and n is the fluid
viscosity.31-3% At low-fiber coating velocity (under 70 mm min™!
in this work), inertia driven by the fiber drawing can be neglected,

and the coated thickness can be determined by the balance

3 1 1 1 1 1
a b c d e
Position

Figure 2. a) Cross-sectional and top SEM images of PMMA coated on pDA-treated Au microfiber. b) Film thickness of the coated blend film with respect
to the variation in the coating velocity. c) The capacitance (G) values of PMMA dielectric layer after selective etching of diF-TESADT outside layer of
the blend film wrapping the Au microfiber along the longitudinal direction. The inset of (c) illustrates a schematic representation of the measurement
positions with a 10-mm interval and a top SEM image showing homogeneous coating of the film on the microfiber.
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between the capillarity and viscosity given by the LLD equation.
However, at a high coating velocity (higher than 70 mm min™!),
inertia becomes more important, and the layer entrained in the
volume is the viscous boundary layer of thickness 6 given by bal-
.
where p is the solution density and L is the length of the reser-
voir. In this regime, the coated thickness instead decreases as the
coating velocity increases.*!! Ultimately, the developed die-coating
method successfully provides highly uniform thin polymer film on
the microfiber in a longitudinal direction, as shown in Figure 2c.
To confirm the thickness uniformity of the polymer layer over
the entire microfiber, the capacitance (C) at five different
points with a regular interval (10 mm) along the microfiber
was measured after selective dissolution of organic semicon-
ductor. The relationship between C;, permittivity of free space
(&o), the relative permittivity (€,, poly(methyl methacrylate)
(PMMA) = 2.8), the area of overlap of the metal (A), and dielec-
tric film thickness (t) is given as C; =g,&,A/t. Consequently,
almost all measured capacitances were nearly the same value of
5.62 + 0.34 nF cm along the microfiber, which indicates that
highly uniform polymer films were deposited on the microfibers
by the die-coating method.

ancing the acceleration of the fluid with viscous force as ¢ =

2.2. Self-Organization of Polymer Dielectric/Organic
Semiconductor

After die-coating of the organic semiconductor:insulating
polymer blend on the pDA-treated Au microfiber, vertical phase-
separation of the blend film was induced to form the bilayers of
polymer dielectric (inside) and organic semiconductor (outside)
on the microfiber. Vertical phase-separation of 2,8-difluoro-
5,11-bis(triethylsilylethynyl)anthradithiophene  (diF-TESADT)
and PMMA blend was utilized as a blend system for MIS
coaxial microfibers. In previous work, we found that vertically
phase-separated diF-TES ADT:PMMA blend film served the diF-
TESADT channel at the top surface and the PMMA gate dielec-
tric near the bottom substrate. This resulted in FET devices with
good electrical performances.?®! An important issue of using
this blend film in the OFET device is that blend film should
be fully phase-separated in a vertical direction. In addition,
organic semiconductor molecules in the vertically segregated
film should be highly crystallized because the charge transport
in the organic semiconductor is dependent on the molecular
ordering and crystallinity of the film.??834 To enhance the
crystallization of diF-TESADT molecules in the blend film,
solvent vapor annealing (SVA) using 1,2-dichloroethane was
successfully demonstrated. In the SVA process, the absorbed
solvent molecules serve as a plasticizer and provide an envi-
ronment in which the diF-TESADT molecules can easily move
toward the air/film surface to minimize the surface energy and
crystallize by strong intermolecular —r interaction.?’]

Figure 3a indicates a schematic diagram of molecular
assembly in the diF-TESADT/PMMA films wrapping the
Au microfiber. Figure 3b shows optical microscope (OM)
and polarized optical microscope (POM) images of the
diF-TESADT:PMMA blend (1:4 weight ratio) film wrap-
ping the Au microfibers. Immediately after die-coating the
diF-TESADT:PMMA blend solution, a small amount of
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© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

diF-TESADT microcrystals is sparsely distributed on the fiber
surface. However, after the blend film-coated microfibers are
exposed to the 1,2-dichloroethane vapor, the surface of the
microfiber is covered by the diF-TESADT microcrystals with a
lateral size of several tens micrometer in width, as shown in
Figure 3b. These crystalline structures clearly originated from
the crystallization of diF-TESADT because the atactic PMMA
has an amorphous nature. Arrangement of microcrystals
toward the fiber-drawing direction is not observed. After selec-
tive dissolution of diF-TESADT using cyclohexane, the shiny
crystalline domain observed under polarized light disappeared
and only the smooth polymer layer remained (Figure S4, Sup-
porting Information). This implies that the coaxial bilayer struc-
ture of PMMA (inside) and diF-TESADT (outside) wrapping
the Au microfiber was successfully constructed through the ver-
tical phase-separation and crystallization of diF-TESADT mol-
ecules via the SVA process. To the best of our knowledge, this is
the first demonstration that organic semiconductor:insulating
polymer blend can be applied to the fibrous substrate, which
provides a facile strategy for the preparation of the coaxial
bilayer on the microfiber from a one-step coating process.
According to the previous study, surface energy of the
blending components and interaction with the substrate surface
are important factors affecting the phase-separation behavior
of the polymer blend.?”*l pDA treatment of the Au microfiber
can influence the phase-separation of the diF-TESADT:PMMA
blend film deposited on the microfiber. As shown in Figure 3c,
OM images clearly show that, when the Au microfiber is treated
by pDA, the diF-TESADT microcrystals cover most of the
microfiber surface. To clarify the distribution of the PMMA and
diF-TESADT in the blend film, a time of flight secondary ion
mass spectroscopy (TOF-SIMS) combined with the local cesium
ion beam sputtering was performed. The O- and F-peaks origi-
nated from the PMMA and diF-TESADT, respectively. 3D ren-
dered overlay images of O-(blue) and F-(red) atoms clearly show
that the top layer predominantly consists of diF-TESADT, and
PMMA is located near the substrate. In particular, on the pDA-
treated surface, the vertical phase-separation with a clear layer
boundary is observed. This may be due to the preferential wet-
ting of the PMMA component on the pDA surface. PMMA
commonly wets the hydrophilic surface on account of the strong
interaction between carbonyl groups of PMMA and the hydroxyl
groups on the hydrophilic surface.®l After selective removal
of the top diF-TESADT layer using cyclohexane, we found that
the PMMA dielectric layer wrapping the Au microfiber did not
undergo dielectric breakdown until 100 V, which corresponds to
a breakdown field of 3.1 MV ecm™! (Figure S5, Supporting Infor-
mation). This indicates that the phase-separated PMMA layer
can successfully function as a bottom gate dielectric layer.
Morphological development of diF-TESADT:PMMA blend
film was also investigated by varying the thickness of the
blend film to optimize the MIS microfiber. The film thickness
was controlled by varying the coating velocity in a die-coating
process. As shown in Figure S6 in the Supporting Informa-
tion, when the film thickness is =400 nm, large diF-TESDAT
crystalline structures develop on the microfiber surface,
where the thickness of the segregated diF-TESADT layer is
=80 nm. At a thickness lower than 400 nm, small microcrys-
tals of diF-TESADT are sparsely observed. This may be due
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Figure 3. a) Schematic representations of phase-separation in the diF-TESADT/PMMA films before and after solvent vapor annealing (SVA). b) Optical
microscope (OM) and polarized optical microscope (POM) images of PMMA/diF-TESADT blend film wrapping on Au microfiber before (left) and
after (right) SVA. c) Comparison in OM (top)/POM (bottom) images and 3D rendered overlay images of O-(blue) and F-(red) distributions analyzed
by TOF-SIMS for SVA-treated PMMA/diF-TESADT blend film on the microfiber according to the pDA treatment.

to an insufficient amount of diF-TESADT molecules to cover
the entire film surface. On the other hand, in the thick blend
film, penetration of solvent molecules throughout the whole
film thickness could be limited in the SVA process. This might
restrict the segregation of the diF-TESADT molecules located
deep inside the film toward the film surface, resulting in a
small domain size of microcrystals. In fact, it is observed that
the MIS microfiber with a highly crystalline diF-TESADT struc-
ture (in a 400-nm-thick blend film) exhibits the highest charge
carrier mobility when applied to the fibriform transistor.

2.3. Electrical Characteristics of MIS Coaxial Fiber

To evaluate the electrical performance of the MIS coaxial micro-
fibers, fibriform OFETs with a top-contact configuration were
fabricated by adding Au source and drain electrodes via thermal
evaporation. A schematic diagram of the cross-sectional OFET
structure and top-view OM/POM images of the fibriform tran-
sistor are shown in Figure 4a. Table 1 lists the detailed device
electrical properties for the fibriform transistors according to

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the pDA treatment and solvent vapor annealing. The field-effect
mobility was calculated from the transfer curves of 30 devices.
Without using pDA treatment or solvent vapor annealing, the
device exhibits low field-effect mobility (0.04 £ 0.03 cm? V-1 s7})
and an on/off current ratio, which may be attributed to the poor
coating quality, incomplete phase-separation, and low crystal-
linity of the segregated diF-TESADT molecules. As shown in
Figure 4b,c, the device based on the pDA-treated Au micro-
fiber exhibits increased drain current (Ig) and an improved
on/off current ratio. The enhanced phase-separation of diF-
TESADT:PMMA blend film on the pDA-treated Au surface
results in this improvement. With the pDA modification
of Au microfiber and solvent vapor annealing, a significant
improvement is achieved in device performance, with the
average mobility of 0.19 + 0.07 cm? V! s7! (the best mobility
is 0.30 cm? V7! s71) and an I /I current ratio of =10% and
no hysteresis during the gate voltage sweep. This performance
closely approaches the values of the previously reported device
built on planar substrates using polymer dielectric/organic
semiconductor blends.[?#3+37] The crossover of the output char-
acteristics at low gate bias is due to the gate leakage, which can

Adv. Funct. Mater. 2016, 26, 2706-2714
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Figure 4. a) Schematic diagram and top-view OM image of fibriform OFET based on MIS coaxial microfiber. b) Comparison in transfer (I4~V,) char-

acteristics (at Vg, = —20 V) of the devices according to the pDA treatment
the pDA treatment and/or SVA.

be magnified in the absence of isolation in the active layer.2!
These results verify that the MIS coaxial microfibers based on
self-organization of the polymer dielectric/organic semicon-
ductor are applicable to the FET device. Additionally, it should
be noted that the proposed method is highly compatible to Cu
microfiber which is low-cost material (Figure S7, Supporting
Information). Through the same procedure as Au microfiber,
coaxial bilayer structure of PMMA and diF-TESADT wrapping
the Cu microfiber was successfully constructed, which exhib-
ited good transistor performance with the average mobility of
0.07 £ 0.01 cm? V! s7! and an I,,/I¢ current ratio of =10
Somewhat inferior electrical properties of the device based
on Cu microfiber compared to that of the device based on
Au microfiber might be attributed to the rough surface of Cu
microfiber (Figure S8, Supporting Information).

Unlike previously demonstrated devices constructed on one
side of the fiber, MIS coaxial microfibers have no directional

and/or SVA. c¢) Output characteristics (I4s—Vys) of the devices according to

limitation to organizing the device in the textile structure. To
confirm the consistency in electrical properties over the entire
fiber surface, the devices fabricated on the MIS microfiber with
difference angular positioning were examined (Figure 5a). The
OM/POM images of the four sides in Figure 5b show that the
uniform phase-separation and crystallization of diF-TESADT
occurred all around the MIS microfiber. As expected, the values
of the charge carrier mobility (0.13 £ 0.002 cm? V! s71) and on/
off current ratio remained almost constant throughout all the
measurement positions, as shown in Figure 5c,d. This result
indicates that self-organization of diF-TESADT:PMMA blends
can be a promising approach to obtain highly uniform bilayer
coating on the microfiber. Furthermore, bending durability of
MIS microfiber was examined (Figure 5e,f). Although a 20%
decrease in mobility at the initial bending is observed, the
device performance almost maintains up to 80% of the original
values when the bending radius decreases down to 3.0 mm.

Table 1. Electrical properties for fibriform OFETs based on MIS coaxial microfibers.

Treatment Mobility [em? V7' s7] On/off current ratio Threshold voltage [V] Subthreshold swing [V dec™]
Without pDA Without SVA 0.04 (+0.03) =10 —-2.00 2.63
With pDA Without SVA 0.06 (+0.02) <10 -1.52 112
With pDA With SVA 0.19 (+0.07) ~10¢ 0.44 1.28

Adv. Funct. Mater. 2016, 26, 2706-2714
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Figure 5. a) Schematic diagram of four side positioning at the MIS coaxial microfiber. b) OM (top)/POM (bottom) images of each position on the
microfiber. c) Dependence of charge carrier mobility (left) and the current on/off ratio (right) of the devices fabricated at different positions of the
MIS coaxial microfiber. d) Transfer (I4—V;s) characteristics (at Vgs = —20 V) plotted against device positions on the MIS coaxial microfiber. ) Change
in carrier mobility (left) and factional mobility value in reference to initial mobility (right) at each bending radius. f) Transfer (l4—V;s) characteristics

(at Vgs =—20 V) plotted against the bending radius.

Compared to previously demonstrated wire-type OFETs, which
showed a critical bending radius of 10 mm,3 the MIS coaxial-
microfiber-based OFET exhibits good bending durability. Inti-
mate contact between the gate dielectric and semiconducting
layer formed by phase-separation of the polymer blend and
enhanced film adhesion by the pDA treatment may be attrib-
uted to improvement of the deformation durability.

2.4. Prototype of Fibriform OFET-Embedded Textile
As a proof-of-concept, fibriform OFET-embedded textile was

demonstrated by weaving the MIS coaxial microfiber with
cotton and conducting threads (Figure 6a). As source (S)

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and drain (D) electrodes, silver-deposited conducting thread
was utilized. In particular, the conducting thread was coated
by conductive gel composite based on poly(3,4-ethylene
dioxythiophene):polystyrene sulfonate (PEDOT:PSS) and gra-
phene oxide (GO). It was expected that this higher work func-
tion of PEDOT/GO gel (=5.0 eV) than Ag can induce efficient
charge injection from (or to) diF-TESADT semiconductor, as
well as softness of the gel composite can improve the adhe-
sion at the contact interface between the conducting thread
electrodes and the diF-TESADT semiconductor film. As shown
in Figure 6b,c, the textile-embedded fibriform OFET exhibits a
well-behaved gate-bias response with current levels sufficient
for simple switching circuits. The field-effect mobility and on/
off current ratio of the device are 0.17 cm? V™! s7! and =10,

Adv. Funct. Mater. 2016, 26, 2706-2714
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Figure 6. a) Photograph (left) and OM image (right) of the fibriform OFET based on MIS microfiber embedded in the textile. b) Output (/4—Vys) and

c) transfer (I4—V) characteristics (at Vys = —20 V) of the device.

respectively. This result shows that the MIS coaxial microfiber
has great potential for weaving integrated FET devices for use
in wearable electronics. However, the low drain current origi-
nated from the small aspect ratio W/L (i.e., channel width/
length) and limited electrode contact at the thread junction
remains to be improved. It is anticipated, however, that small
W/L may be improved by entwisting a MIS coaxial micro-
fiber with conducting threads which act as source and drain
electrodes since MIS coaxial microfiber allows to oragnize the
device over the entire fiber. Further investigations regarding to
this concept have been performed.

3. Conclusion

In this paper, we reported a metal-polymer insulator-semi-
conductor coaxial microfiber based on self-organization of the
organic semiconductor:insulating polymer blend die-coated
on metal microfiber. Vertical phase-separation of the organic
semiconductor:insulating polymer blend successfully pro-
vided a bilayer structure of gate dielectric (inside) and organic
semiconductor (outside) with intimate interfacial contact on
the fibrous substrate. Through surface modification of the Au
microfiber using polydopamine and a solvent vapor annealing
process, the vertical phase-separation and crystallization of
organic semiconductor molecules were significantly enhanced.
We confirmed that the fibriform OFET based on MIS coaxial
microfiber exhibited good electrical performance approaching
the values of typical devices with planar substrate. It addition-
ally exhibited uniformity in electrical properties over the entire
fiber surface and improved bending durability. A final prototype

Adv. Funct. Mater. 2016, 26, 2706-2714
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of fibriform OFET-embedded textile was demonstrated by
weaving cotton and conducting threads, which showed the fea-
sibility of the MIS coaxial microfiber for fabricating an e-textile
system for wearable electronics. Although this work focused
on the diF-TESADT:PMMA blend coating on Au microfibers,
the concept of one-step formation of multilayered structure
on functional fibers can likely be extended to other fiber-based
electronic components, such as solar cells and light-emitting
diodes.?*#% This work may therefore offer a promising strategy
for preparation of electronic functional fibers and contribute to
advancing progress in e-textile applications.

4. Experimental Section

Materials: PMMA, M,, = 996 kg mol™', dopamine hydrochloride,
1,2,4-trichlorobenzene, and 1,2-dichloroethane were purchased from
Sigma-Aldrich. diF-TESADT was purchased from Lumtec. Gold
microfiber with a 0.1-mm diameter (purity 99.95%) was purchased from
Alfa Aesar. PEDOT:PSS was purchased from Heraeus. GO aqueous
solution was purchased from Angstron Materials and freeze-dried.
The GO flakes were then used. Silver-deposited conductive thread was
purchased from SparkFun Electronics.

Preparation of MIS Coaxial Microfiber: PMMA and diF-TESADT
(41 w/w ratio) were dissolved in 1,2,4-trichlorobenzene to generate
10 wt% solutions. Before coating of the blend solution, Au microfibers
were immersed in aqueous tris-HCl buffer solution mixed with dopamine
(2 mg of dopamine per ml of 10 x 1073 m tris-HCl, pH = 8.5) for =30 min.
A rinse with deionized water was then followed. The treated Au microfiber
was coated with a diF-TESADT:PMMA blend solution using a home-built
die-coating system with a T-shaped glass tube as a reservoir, two moving
stages, and a heater. The T-shaped tube with a diameter of 700 ym was
filled with the diF-TESADT:PMMA blend solution by continuous feeding
from a syringe. The microfiber was horizontally inserted into the tube
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through the direct center and drawn at a constant speed in the horizontal
direction by the moving stages. The heating unit was placed next to the
tube for film drying. To induce self-organization of the diF-TESADT:PMMA
blend film, the film-coated microfibers were exposed to 1,2-dichloroethane
solvent vapor in a closed glass container for 2 h. The samples were dried
in a vacuum oven at 60 °C overnight to remove the residual solvent.

Device Fabrication: To fabricate the fibriform OFETs based on the MIS
microfiber, Au source and drain electrodes with a thickness of 100 nm
were thermally deposited on the MIS microfiber through a transmission
electron microscope grid mask. The channel width and length were
50 and 25 pm, respectively. To prepare the textile from the MIS coaxial
microfiber transistors, the MIS coaxial microfibers were weaved with
cotton thread and Ag-coated conductive thread, which was covered by
PEDOT:GO composites using a die-coating method. The preparation of
PEDOT:GO composite followed existing literature.[*!]

Characterization: The morphologies of the coating films were observed
by optical microscopy (Olympus BX51). The crystal images of the diF-
TESADT were obtained with POM (Olympus BX51). SEM images of the
microfiber were obtained by SEM with field effect guns (Inspect F). TOF-
SIMS analysis was performed to confirm the vertical phase-separation
in a blend film using TOF-SIMS 5 (ION-TOF Munster, Germany).
lon bombardment was used to slowly sputter material in an area of
100 X 100 ym?. The capacitance (C;) of the PMMA layer sandwiched with
the Au electrodes (metal—insulator—-metal configuration) was determined
by using an Agilent 4284A precision inductance (L), capacitance (C),
and resistance (R) meter under ambient conditions. The electrical
properties of the fibriform OFET devices were determined using an
Agilent 4155B semiconductor device analyzer under ambient conditions.
The calculated field-effect mobility (1) in the saturation regime was

WC; 2
determined using the following equation Iy =T',u(vgs ‘Vth) , where
G (5.62 X 10° F cm™) is the capacitance of the PMMA dielectric film

deposited on Au microfiber, and W and L are the channel width and
length, respectively.
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