Polymers 2014, 6, 1057-1073; doi:10.3390/polym6041057

polymers

ISSN 2073-4360
www.mdpi.com/journal/polymers

Review

Organic Semiconductor/Insulator Polymer Blends for
High-Performance Organic Transistors

Wi Hyoung Lee ** and Yeong Don Park %*

! Department of Organic and Nano System Engineering, Konkuk University, Seoul 143-701, Korea

Department of Energy and Chemical Engineering, Incheon National University,
Incheon 406-772, Korea

2

* Authors to whom correspondence should be addressed; E-Mails: whlee78@konkuk.ac.kr (W.H.L.);
ydpark@incheon.ac.kr (Y.D.P.); Tel.: +82-2-450-3468 (W.H.L.); Fax: +82-2-457-8895 (W.H.L.).

Received: 11 February 2014; in revised form: 24 March 2014 / Accepted: 31 March 2014 /
Published: 8 April 2014

Abstract: We reviewed recent advances in high-performance organic field-effect
transistors (OFETs) based on organic semiconductor/insulator polymer blends.
Fundamental aspects of phase separation in binary blends are discussed with special
attention to phase-separated microstructures. Strategies for constructing semiconductor,
semiconductor/dielectric, or semiconductor/passivation layers in OFETSs by blending organic
semiconductors with an insulating polymer are discussed. Representative studies that utilized
such blended films in the following categories are covered: vertical phase-separation,
processing additives, embedded semiconductor nanowires.
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1. Introduction

Organic field-effect transistors (OFETS) have received much attention as switching elements in
display backplanes [1-14]. The electrical performance of OFETSs is now comparable or exceeds that of
amorphous Si: H FETs. For example, high field-effect mobilities >10 cm?/Vs were recently reported
for polymer-based FETs [15,16]. These polymer semiconductors are attractive materials, as a polymer
can be deposited through an easy solution process. The solution process is advantageous for scale-up
while minimizing processing costs. Printing processes such as the roll-to-roll process can be utilized to
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mass produce OFETSs, and prototype devices have been demonstrated [3]. If environmental and
electrical stabilities are supplemented, OFETSs can be used to enable flexible/stretchable electronics[1].
If low stability is a critical drawback for commercialization of OFETs, OFETs may be used in
disposable electronics. To achieve this goal, the solution process is indispensable for reducing
processing costs.

Another important advantage of a solution process comes from versatility in the selection of
materials. Various materials with different functions can be blended to fine tune device performance.
This blended approach is common when preparing active layers in organic photovoltaic solar cells
(OPVs) or ambipolar FETs [17-20]. In such devices, device performance is typically determined by
phase-separation characteristics in n-type semiconductor/p-type semiconductor polymer blends. The
movements of the hole and electron carriers are regulated by fine tuning phase-separation. In contrast,
insulating materials have been added to construct OPV and OFET active layers. Such materials in
OPVs induce slow evaporation of solvent, thereby increasing crystallinity of the organic
semiconductors. The added insulating materials are typically small molecules with high boiling points.
If an insulator polymer is added to the organic semiconductor of an OFET, the added insulator polymer
prohibits transport of charge carriers [21]. Thus, a rational and straight-forward method to avoid this
problem is to guarantee the current pathway by appropriate phase separation.

In this review article, representative studies that utilize organic semiconductor/insulator polymer
blends for high-performance OFETSs are introduced. In Section 2, the fundamental aspects of phase
separation are discussed. In Section 3, representative studies that used organic semiconductor/insulator
polymer blends are introduced with special attention to the strategies for maintaining the percolation
path and utilizing an insulator polymer in OFETSs. Finally, a brief summary is provided in the
conclusion section.

2. Fundamental Aspects of Phase Separation

Phase separation is a complex phenomenon that depends on molecular parameters (i.e., miscibility
of two polymers, concentration, and solvent), thermodynamic parameters (i.e., composition,
temperature, and pressure) and processing parameters (i.e., film deposition method). Figure 1a is a
schematic of the phase-separation characteristic of a binary polymer blend. During solvent
evaporation, the blend changes from one mixed phase to two individual phases. Phase-separation
behaviors are dependent on the free energy G of the system from a thermodynamic point of view [4].
The borderline of phase separation is divided into two categories: spinodal (6G%/6c® = 0) and binodal
(6Gloc = 0) lines. Figure 2b shows the spinodal and binodal lines of a binary polymer blend as a
function of composition and temperature. When temperature is high, entropy is a governing factor and,
thus, one mixed phase is favored. Two individual phases are preferred by enthalpic interaction when
the temperature decreases [22]. In addition, composition ¢ has a significant impact on determining the
borderlines of the phase separation (Figure 2b). Because a solvent is typically used to make a blended
solution, a ternary system consisting of polymer A, polymer B, and the solvent is considered (Figure 2c).
When the solvent evaporates, two different phase-separation modes exist: spinodal decomposition and
nucleation and growth. Lateral or vertical phase separation is strongly dependent on the mode the
blend solution goes through.
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Figure 1. (a) Phase separation characteristics of a binary polymer blend; (b) Spinodal and
binodal lines of a binary polymer blend as a function of composition and temperature;
(c) A ternary phase diagram for the system with polymer A, polymer B, and the solvent.
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Polymer, solvent, substrate, and processing conditions mutually affect phase-separation
characteristics. Miscibility is an important polymer property, which is commonly determined by
considering the Flory-Huggins interaction parameter (y). A high y value means a strong driving force
for phase separation. In addition, composition, molecular weight, and concentration of the solution are
important properties. The solvent evaporation rate is commonly influenced by the choice of solvent
with a different boiling point. The time for phase separation is long if a solvent with a high boiling
point is used. Surface tension and viscosity of the solution is also determined by solvent choice. If the
solubilities of two polymers are different, the polymer with the lowest solubility solidifies first. Thus,
solubility is an important parameter that determines structure of vertical phase separation. The surface
energy of the substrate is important when the solution solidifies on the substrate. First, it affects
wetting properties when solution droplets form. Surface energy governs the formation of the transient
wetting layer during solvent evaporation. Finally, the phase-separated structure is determined by the
subtle change in surface energy and roughness of the substrate. Processing conditions such as spin
speed during spin casting strongly affect the phase-separation Kinetics. In one study, vertical
phase-separation occurred under a specific spin speed of spin-casted polymer blends [23]. Because of a
preference for vertically phase-separated polymer blends, many researchers have tried to fabricate
vertically phase-separated structures using polymer blends [21]. However, vertically phase-separated
structures can be obtained under specific molecular and processing conditions. This is due to
Marangoni-like instability during solvent evaporation. Heriot et al., revealed that the vertically
phase-separated transient layer becomes unstable and that the final film morphology adopts a laterally
phase-separated structure during spin casting of polymer blends [24]. When polymer blends are used to
construct layers in OFETSs, these fundamental aspects of phase separation should be considered to
obtain an appropriate phase-separated structure. For example, a vertically phase-separated structure in
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organic semiconductor/insulator polymer blends can be used as an active layer in OFETs and this can
be achieved by controlling solubility, surface energy, and/or substrate conditions.

3. Organic Semiconductor/Insulating Polymer Blends

Figure 2 shows the schematic layered structures of OFETSs consisting of substrate, gate-electrode,
dielectric, semiconductor, source/drain electrodes, and the passivation layer. Gate-electrode, dielectric,
semiconductor, and source/drain electrodes are included between the passivation layer and the
substrate. According to the relative location of the gate-electrode and source/drain electrodes, OFETSs
are classified into four types: (a) bottom-gate/bottom-contact (coplanar), (b) bottom-gate/top-contact
(staggered), (c) top-gate/bottom-contact (staggered), and (d) top-gate/top-contact (coplanar) [25].
Regardless of the type of OFET structure, charge carriers accumulate at the semiconducting layer near
the dielectric layer after bias at the gate electrode [26]. These accumulated charge carriers pass through
from the source to the drain electrode due to the potential difference between the two electrodes. An
active channel region in each device structure, which corresponds to the charge transport pathway, is
indicated in red. In coplanar types, source/drain electrodes are placed in the same line with the charge
transport pathways. In contrast, source/drain electrodes are not placed in a horizontal line with the
charge transport pathway in the staggered type, and injected charge carriers should transport vertically
to arrive in the active channel region. The passivation layer is commonly used to protect organic
semiconductors from O, and/or H,O under ambient conditions. Note that an organic semiconductor is
vulnerable to O, and/or H,O molecules and, accordingly, device performance degrades significantly
with time [1]. The passivation layer is indispensable in the bottom-gate structure because the
semiconducting layer is directly exposed to ambient air (Figure 2a,b). However, the dielectric layer
protects the semiconducting layer in the top-gate structure (Figure 2c,d); thus, the choice of a
passivation layer is optional.

Organic  semiconductor-top/insulator ~ polymer-bottom or insulator polymer-top/organic
semiconductor-bottom bilayer structures can be induced through vertical phase-separation of organic
semiconductor/insulator polymer blends. Device structure should be considered for possible uses of
organic semiconductor/insulator polymer blends in OFETs. The passivation layer and semiconductor
can be simultaneously deposited in a bottom-gate/bottom-contact structure (Figure 2a) by inducing an
insulator polymer-top/organic semiconductor-bottom vertically phase-separated structure. This
phase-separated structure can be alternatively used to simultaneously fabricate a dielectric and
semiconductor in a top-gate/bottom-contact device structure (Figure 2c). However, an organic
semiconductor-top/insulator polymer-bottom vertically phase-separated structure is useful to fabricate
both a semiconductor and dielectric in the bottom-gate/top-contact structure (Figure 2b). The staggered
type is more preferable than the coplanar type when fabricating a semiconductor and dielectric
together using polymer blends because the phase-separated interface can be directly used as the charge
transport pathway (compare devices in Figure 2b,c) with those in Figure 2a,d.
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Figure 2. Schematic layered structures of organic field-effect transistors (OFETS):
(a) bottom-gate/bottom-contact (coplanar); (b) bottom-gate/top-contact (staggered);
(c) top-gate/bottom-contact (staggered); (d) top-gate/top-contact (coplanar).
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3.1. Vertical Phase-Separation

Vertical phase separation is a rational route to fabricate dual layers in OFETs [4]. Organic
semiconductor/insulator polymer blends can provide both a semiconducting layer and a passivation
layer (or dielectric layer) [27]. Although similar polymer blend pairs are used, phase-separation
characteristics differ with use of a different substrate. Figure 3 shows the schematic phase-separation
characteristics of polythiophene/poly(methyl methacrylate) (PMMA) blends. On a hydrophobic
substrate, polythiophene with low surface tension is preferentially deposited on the film-substrate
interface. Arias et al., found that a PMMA-top/poly[5,5’-bis(3-dodecyl-2-thienyl)-2,2'-bithiophene)]
(PQT-12)-bottom bilayer structure forms spontaneously on an octyltrichlorosilane (OTS-8) treated
SiO,/Si substrate by phase separation of the PQT-12: PMMA blend (Figure 3a) [28]. They explained
this phenomenon by introducing the concept of spreading pressure. The spreading pressure of the
PMMA solution is lower than that of PQT-12 on a hydrophobic OTS-8 treated SiO,/Si substrate. Thus,
energy minimization leads to the formation of PMMA-top/PQT-12-bottom bilayer structure. Figure 3a
shows the time-dependent electrical properties of OFETs based on a PQT-12: PMMA blended film.
OFETSs exhibit unchanged electrical properties following over exposure to ambient air during 48 h.
Because PMMA on top can be used as a passivation layer in OFETs (Figure 2a), OFETs based on
PQT-12: PMMA blended film exhibit higher environmental stability than those of OFETs based on
PQT-12 film.

In contrast, PMMA with high surface tension on a hydrophilic substrate is deposited on the
film-substrate interface, whereas polythiophene, with low surface energy, is placed on the air-film
interface. Figure 3b shows the electrical properties of OFETs based on a poly(3-hexylthiophene)
(P3HT): PMMA blended film where phase-separated P3HT at the air-film interface serves as a
semiconducting layer and phase-separated PMMA at the film-substrate interface serves as a dielectric
layer (Figure 2b) [29]. Remarkably, P3HT content in a P3HT:PMMA blend was reduced down to 2%
without compromising the electrical properties. Thus, this approach is useful to reduce semiconductor
content in OFETSs, thereby reducing material costs. Low voltage driven OFETSs have been successfully
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fabricated because a phase-separated thin PMMA layer can work as a gate dielectric (Figure 3b).
Wang et al., examined the effect of film processing conditions (i.e., solution concentration) on the
morphology of the phase-separated interface between P3HT and PMMA [30]. A higher solution
concentration tended to decrease roughness of the phase-separated interface. This, in turn, enhanced the
electrical properties of the OFETSs because the phase-separated interface served as a pathway for charge
transport (Figure 2b), and the smooth interface is beneficial for facilitating efficient charge transport.

Figure 3. Vertical phase-separation in polythiophene: poly(methyl methacrylate) (PMMA)
blended films: (a) PMMA-top/polythiophene-bottom structure and electrical property of
the organic field-effect transistor (OFET) based on PMMA-top/poly[5,5’-bis(3-dodecyl-2-
thienyl)-2,2"-bithiophene)] (PQT-12)-bottom blend film. Reproduced from [24]. Copyright
2006 Wiley. (b) Polythiophene-top/PMMA-bottom structure and electrical properties of an
OFET based on poly(3-hexylthiophene) (P3HT)-top/PMMA-bottom blended film.
Chemical Structures of PQT-12 and P3HT are shown in the inset. Reproduced from [25].
Copyright 2008 Wiley.

(b)

| Polythiophene |
[ PMMA |
Hydrophilic

P3HT/PMMA5/95 |

106 Time exposed to air 108

—=—8h
—+—24h

108 —+—48h

10-9 L

—
HisCra <
o

1010 (s [ so )
\ 7 WA R -

-Ip(A)

o110t v

-

1012 | ‘
401, ___P3HTIPMMA blends {1
40 -20 0 20 20 45 40 05 00 05 10

Vo) Ve (V)

Soluble acenes are advantageous organic semiconductors because materials with solution
processability and high m-orbital overlaps have been reported [31-33]. Where this type of organic
semiconductor is used, processing conditions should be optimized to obtain desirable thin film
morphologies and microstructures, thereby maximizing the electrical properties of OFETs. For
example, field-effect mobilities can differ over several orders by using different processing
conditions [31,34]. Soluble acene/insulating polymer blends are interesting building blocks to fabricate
OFET layers [35,36]. When a soluble acene/PMMA blend is deposited on a hydrophilic substrate, the
soluble acene with low surface energy is preferentially deposited at the air-film interface (Figure 4a) [37].
This is due to the surface energy differences between soluble acene and PMMA. A blended film
consisting of a soluble acene-top layer and a PMMA-bottom layer can be utilized to fabricate both
semiconductors and dielectrics (Figure 2b). Lee et al., used a 5,11-bis(triethylsilylethynyl)
anthradithiophene (TES-ADT): PMMA blend to fabricate a TES-ADT-top/PMMA-bottom bilayer
structure [37]. After spin casting the blended solution, TES-ADT with low surface energy was
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deposited on the air-film interface, whereas PMMA with high surface energy was deposited on the
film-substrate interface. However, TES-ADT molecules remained on the PMMA layer as a result of
fast solvent evaporation during spin casting. After solvent vapor annealing with 1,2-dichloroethane, the
TES-ADT molecules move up to minimize total surface energy of the blended film. Accordingly,
vertical phase separation is greatly enhanced. In addition, TES-ADT molecules crystallize under the
solvent-vapor environment; thus, adopting three-dimensional multilayered structures, which are
extremely beneficial for lateral transport of charge carriers [38—40]. The average field-effect mobility
of OFETs based on TES-ADT: PMMA blended film increases from 107> to 0.5 cm?/Vs after solvent
vapor annealing. This is due to the combined effect of enhanced vertical phase separation and
crystallization of TES-ADT after solvent vapor annealing.

Figure 4. (a) Schematic representations of the morphological and structural characteristics of
5,11-bis(triethylsilylethynyl) anthradithiophene (TES-ADT): PMMA blended films after
spin-casting and solvent-vapor annealing. Field-effect mobilities of the organic field-effect
transistors (OFETSs) based on the blended films are shown at the bottom of the schemes.
Reproduced from [30]. Copyright 2009 Wiley; (b) Schematic representations of the
morphological and structural characteristics in 2,8-difluoro-5,11-bis(triethylsilylethynyl)
anthradithiophene (F-TESADT): PMMA blended films spin-cast from various solvents (low
b.p.: low boiling point solvent; high b.p.: high boiling point solvent). Electrical properties of
OFETs based on the blended films prepared with various solvents are also shown (TO:
toluene, CB: chlorobenzene, DCB: 1,2-dichlorobenzene, TCB: 1,24-trichlorobenzene).
Reproduced from [34]. Copyright 2012 Wiley.
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Although solvent vapor annealing is an effective method to induce phase separation of a blended
film and crystallization of soluble acene, the practical application is limited by use of a harmful
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solvent. It is much more desirable if a soluble acene-top/insulating polymer-bottom bilayer structure
can be obtained by spin casting. Lee et al.,, used a 2,8-difluoro-5,11-bis(triethylsilylethynyl)
anthradithiophene (F-TESADT): PMMA blend to induce vertical phase separation using a one-step
spin-casting process (Figure 4b) [41]. Because fluorine atoms in F-TESADT reduced surface tension
of the F-TESADT molecule, F-TESADT molecules were effectively crystallized at the air-film
interface during phase separation with PMMA. In addition, crystallization of F-TESADT was enhanced
by fluorine-fluorine interactions between F-TESADT molecules [42]. However, the phase-separation
characteristics between F-TESADT and PMMA and crystallization of F-TESADT are largely
dependent on the selection of solvent for preparing the blended solution. If a solvent with a low boiling
point (b.p.) is used, the solvent evaporation rate is fast. Accordingly, vertical phase separation is not
perfectly attained. In contrast, using a solvent with a high b.p. imparts enough time to accomplish
vertical phase separation. The F-TESADT molecules at the air-film interface crystallize and grow into
large crystals. Thus, an F-TESADT crystal-top/PMMA-bottom bilayer structure was successfully
fabricated with a spin-casting blended solution with a high b.p. Average field-effect mobility of
OFETSs based on blended film increases when the b.p. of the solvent used increases (Figure 4b right).
In addition, environmental and electrical stabilities of OFETs based on F-TESADT: PMMA blended
films are far superior to those of OFETSs based on homo F-TESADT film. These enhanced stabilities
are due to the unique structure of OFETSs consisting of highly crystallized F-TESADT crystals (top)
and trap-minimized PMMA (bottom).

We introduced the use of organic semiconductor/insulator polymer blends in bottom-gate OFETS.
When top-gate OFETS are used, phase-separation characteristics should be different for applying blended
materials. As schematically shown in Figure 2c, insulator polymer-top/organic semiconductor-bottom
blended film can be utilized to simultaneously fabricate semiconductors and dielectrics. Chua et al.,
succeeded in fabricating a divinyl-tetramethyldisiloxane-bis(benzocyclobutene) (BCB)-top/poly(9,9-
dialkylfluorone-alt-triarylamine) (TFB)-bottom bilayered structure by spin casting a BCB: TFB
blended solution in mesitylene [23]. Figure 5a shows a ternary phase diagram of the BCB: TFB:
mesitylene system. Because solvent is rich at point A, the solution exists as a single phase as marked
by the white circle. When the solvent evaporates, the BCB-TFB-mesitylene solution passes through
binary systems consisting of BCB-mesitylene and TFB-mesitylene. Finally, a vertically phase-separated
BCB-top/TFB-bottom bilayer structure was obtained (point B). Because the surface tension of BCB is
higher than that of TFB, BCB is segregated at the air-film interface. In addition, a high Flory-Huggins
interaction parameter (e.g., xsce/rrs = 3) accelerates phase separation between BCB and TFB.

Although formation of a BCB-top/TFB-bottom bilayer structure is thermodynamically driven, the
detailed phase-separated morphology is dependent on the solvent evaporation rate. The solvent
evaporation rate determines trajectory speed (vy), which governs the interface morphology between
BCB and TFB. Figure 5b shows atomic force microscopy images of the interface and their profiles of
one-dimensional power spectral densities. The lowest power spectral densities were achieved at a
trajectory speed of 0.050/s. An ideal vertical phase separated structure was achieved. If trajectory
speed was too high or low, laterally phase-separated structures were also observed. Because the BCB
layer at the top can be crosslinked by thermal annealing, a robust dielectric layer can be fabricated onto
the TFB phase-separated organic semiconductor. Field-effect mobility of a few 10* cm?/Vs was
obtained when the crosslinked BCB-top/TFB-bottom bilayer structure was utilized to fabricate top-gate
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OFETs (Figure 2c). The low field-effect mobility was due to the semiconductor itself rather than
interface quality.

Figure 5. A ternary phase diagram of the divinyl-tetramethyldisiloxane-bis(benzocyclobutene)
(BCB): poly(9,9-dialkylfluorone-alt-triarylamine) (TFB): mesitylene system. White
symbols: transparent one-phase system; black symbols: cloudy two phase region. The solid
line is a co-existence curve from Flory-Huggins theory. The arrow indicates the schematic
phase-separation trajectory when the BCB: TFB blended solution in mesitylene is spin-cast
from point A to point B; (b) One-dimensional power spectral density P(q) versus wave
vector q plots, prepared at different trajectory speeds. The atomic force microscopy (AFM)
images were taken after removing the pre-crosslinked BCB top layer, and P(q)s were
obtained from squaring the fast Fourier transform of the AFM images. Reproduced from [20].
Copyright 2004 Wiley.
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Goffri et al.,, examined the possibility of using a crystalline insulator polymer to reduce
semiconductor components as well as to enhance the environmental stability of OFETs [43]. They
used various types of PE with different degreed of crystallinity (HDPE: high density PE, LLDPE:
linear low density PE, ULDPE: ultra low density PE) to prepare the P3HT:PE blended films. The
content of branching and side chains regulates the extent of crystallinity, which is ordered as follows:
HDPE > LLDPE > ULDPE. P3HT:PE blended films were prepared using the following procedures.
The P3HT:PE blended solution in hot xylene was cast on hot SiO,/Si substrate and P3HT was then
solidified by evaporating the xylene. Finally, solidification of PE was induced by cooling the substrate
to room temperature. Strong crystallization of HDPE with high crystallinity led to segregation of the
already solidified P3HT to the surface and interface of the film when HDPE was used. This
crystallization induced surface segregation called “double-percolation”-like behavior. Accordingly,
FETSs based on P3HT:HDPE blended films exhibited unchanged field-effect mobilities down to 3 wt%
of P3HT (Figure 6a). Interestingly, this P3HT content coincided approximately with the minimum
concentration of P3HT where liquid-liquid phase separation occurred (red shaded circle in Figure 6b).
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Figure 6. (a) Field-effect mobilities of organic field-effect transistors (OFETSs) based on
P3HT:polyethylene (PE) blended films as a function of P3HT content. Various types of PE
were used (HDPE: high density PE, LLDPE: linear low density PE, ULDPE: ultra low
density PE). (b) Binary non-equilibrium composition-temperature diagram of P3HT:HDPE
blends deduced from differential scanning calorimetry peak cooling temperatures (black
symbols) and optical microscopy (white symbols). HDPE, circles; P3HT, triangles. The
P3HT: HDPE composition of minimum P3HT content at which liquid-liquid phase
separation occurred (L; + L, regime, minimum composition of P3HT is indicated with a
red shaded circle) virtually coincided with the P3HT weight fraction below which the FET
device performance degraded considerably. Reproduced from [36]. Copyright 2006 Nature
Publishing Group.
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Surface segregation of P3HT was induced when the blended solution was solidified in the following
order: Ly + L, — Lj + Spaur — Spe + Spaut (Figure 6b). Surface segregation provides a laterally
continuous P3HT layer at the film-substrate interface, which is beneficial for charge transport from the
source to the drain electrode. In addition, HDPE at the center protected the P3HT layer at the
film-substrate interface; thus, enhancing the environmental stability of the FETs greatly. When
P3HT:ULDPE blended solution was cast, such surface segregation did not occur. The amorphous
nature of ULDPE did not provide a force for surface segregation of the already solidified P3HT.
Accordingly, field-effect mobilities degraded gradually when P3HT content decreased (Figure 6a).
This study demonstrated that crystallinity of the insulator polymer is important for inducing vertical
phase-separation of a blended film consisting of an organic semiconductor and an insulator polymer.

3.2. Processing Additive

Solution-processing of a small molecular organic semiconductor [i.e., 6,13-bis(triisopropylsilylethynyl)
pentacene (TIPS-pentacene)] typically results in de-wetted morphology [41]. Thus, a processing
additive that enhances coverage of the film is necessary. Common insulator polymers such as PMMA
and poly(a-methylstyrene) (PaMS) can be used as processing additives [44-46]. When a
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TIPS-pentacene: PaMS blended solution is cast on a substrate consisting of gate, gate-dielectric, and
source/drain electrodes, vertical phase-separation should be controlled adequately to enable lateral
charge transport. Figure 7a shows the neutron reflectivity profile of TIPS-pentacene: PaMS
(M, = 575,000 g-mol™*) blended film (1:1 mass ratio) before and after thermal annealing at 100 °C.
The inset shows the fitted concentration profiles of TIPS-pentacene [47]. Regardless of thermal
annealing, TIPS-pentacene is placed both at the surface and interface of the film. Although the reason
for this dual segregation was not revealed exactly, this structure, as shown in the inset of Figure 7b,
provides an excellent charge transport pathway. Figure 7b shows comparative plots for OFETs based
on a TIPS-pentacene: PaMS blended film (solid line) and sole-TIPS-pentacene (broken line) [48]. The
TIPS-pentacene:  PaMS blended film exhibited electrical properties comparable to
sole-TIPS-pentacene. In addition, the phase-separated structure was effective for enhancing
environmental stability of the OFETSs, whereas PaMS as a processing additive provided enhanced film
uniformity, thereby resulting in a low device to device variation [49]. Similarly, Kim et al., used a
F-TESADT: PoaMS blended film to enhance device performance [50]. They observed enhanced device
uniformity and electrical stability of OFETSs. This was due to the phase-separated PaMS, which has an
excellent film forming property.

Figure 7. (a) Neutron reflectivity profile of 6,13-bis(triisopropylsilylethynyl) pentacene
(TIPS-pentacene):poly(a-methylstyrene) (PaMS, M;, ~ 575,000 g-mol ™) blended film (1:1
mass ratio) before and after thermal annealing at 100 °C for 20 min. The fitted reflectivity
curves from the modeled density profiles are shown by the black solid lines. Insets show
fitted concentration profiles. Reproduced from [37]. Copyright 2008 American Chemical
Society; (b) Electrical properties of the OFETs based on TIPS-pentacene:PaMS blend film
(solid line) and sole-TIPS-pentacene (broken line). Inset shows structure of the OFETS
with phase-separated blended film. Chemical structure of TIPS-Pentacene is also shown.
Reproduced from [38]. Copyright 2008 American Institute of Physics.
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3.3. Embedded Semiconductor Nanowires

Although vertically phase-separated blended films have been successfully fabricated using
semiconducting/insulating polymer blends, lateral phase separated structures and complex structures
consisting of vertical and lateral structures are commonly observed [24,51]. Vertically phase-separated
structures can be obtained with well-controlled polymer pairs and processing conditions (i.e., solvent
evaporation rate and substrate wettability). Thus, other ways to reduce semiconductor content by
blending an insulator polymer are necessary while electrical properties of OFETs based on blended
films are comparable or even higher than those of OFETs based on sole-semiconductor films.
Qiu et al., studied phase-separation behaviors of P3HT:polystyrene (PS) blends under a change in
solubility of P3HT [52]. Figure 8a shows the schematic procedure for fabricating P3HT nanowires
embedded in a PS matrix using solubility control. A P3HT:PS blended solution was prepared in
CH,Cl, at 40 °C and subsequently spin-cast on the substrate (at room temperature). Because P3HT
exhibits limited solubility in CH,Cl,, the P3HT in blended solution solidified and self-assembled into
nanowires on the substrate. The PS in the liquid state is then solidified by producing P3HT nanowires
embedded in the PS matrix. This structure is extremely efficient for maintaining percolation of the
channel at low P3HT content [52-56]. In addition, environmental stability of OFETs was enhanced
greatly, as the PS matrix protects H,O and O, molecules from ambient air.

Figure 8. (a) Schematic procedures for fabricating P3HT nanofibers embedded in a
polystyrene (PS) matrix. P3HT:PS blend solution in CH,Cl, was prepared at 40 °C and
subsequently spin-cast on the substrate (at room temperature); (b) Electrical properties of
organic field-effect transistors (OFETS) based on P3HT:PS blended films prepared with
two different solvents (CH,CI, and CHCIs); (c) Field-effect mobilities of the OFETs as a
function of P3HT content. Reproduced from [42]. Copyright 2009 Wiley.
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Figure 8b shows the electrical properties of OFETs based on P3HT:PS blended films prepared with
two different solvents (CH,Cl, and CHCI3). Because P3HT should solidify first, the structure of the
embedded nanowires was not obtained in the P3HT:PS blended film from CHCIs (good solvent for
P3HT). Accordingly, OFETs based on P3HT:PS blended films from CH,CI, exhibit much higher
field-effect mobilities than OFETs based P3HT:PS blended films from CHCI;. This is due to the
unique structure of blended films (CH,CI,), as shown in Figure 8a. In particular, this structure is
extremely beneficial to reduce semiconductor content down to 3 wt%, as shown in Figure 8c. In
another study, solubility control of P3HT was finely tuned by using a mixed solvent, the structure of
the embedded nanowires was successfully fabricated, and semiconductor content was reduced to
1 wt% without compromising field-effect mobility [54]. In addition, this structure was also efficient as
an active layer in OFETs when inkjet printing was used as the processing method [57]. The high
field-effect mobility in an organic semiconductor/insulator polymer blend is an interesting research
point. Lu et al., found that the performances of such blends increase dramatically upon exposure to
ambient air [58]. They concluded that the high field-effect mobility obtained could be attributed to
moderate doping of semiconductor nanowires in the insulator matrix.

4. Conclusions

We reviewed recent results with regard to organic semiconductor/insulator polymer blends for
high-performance OFETSs. The current pathway in the active layer was guaranteed by inducing vertical
phase-separation, whereas a phase-separated insulator polymer could be used as a gate-dielectric or
passivation layer. In contrast, an insulator polymer played a role as a processing additive for small
molecular organic semiconductors. Embedded semiconductor nanowires are quite attractive for reducing
semiconductor content and enhancing environmental stability, except for vertical phase-separation.
Because phase separation is a complicated process that depends on molecular and processing
parameters, appropriate selection of materials and processing conditions is essential for achieving high
performance of organic semiconductor/insulator polymer blends.
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