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ABSTRACT: A highly 7-conjugated nanofibrillar network of

poly(3-hexyl thiophene) (P3HT) embedded in polydimethylsi-

loxane (PDMS) elastomer films on SiO, dielectrics was facilely

developed via solution-blending of an ultrasound-assisted dilute
P3HT solution with a PDMS precursor followed by spin-
casting and curing. In contrast, simple blending without
ultrasonication against the dilute P3HT solution yielded large
agglomerates in cast films owing to a great difference in
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solubility parameter (§) values (P3HT = 9.5 cal'/? cm™2 PDMS = 7.3 cal’? cm™2). In the ultrasound-assisted 0.1 vol % P3HT
solutions, the 7-conjugated polymer could develop crystalline nanofibrils surrounded by nonpolar hexyl side chains with the same
0 value as that of PDMS, yielding homogeneously dispersed 10 wt % loaded P3HT/PDMS blend films. Spun-cast P3HT/PDMS

blend films could yield high electrical properties in organic field-effect transistor, including mobilities of up to 0.045 cm® V™~
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and on/off current ratios of >5 X 10°, as well as excellent environmental stability owing to the outer PDMS layer.

KEYWORDS:

ultrasonication, solubility parameter, miscibility, directed self-assembly, poly(3-hexyl thiophene), organic field-effect transistor

1. INTRODUCTION

Organic field-effect transistors (OFETs) based on conjugated
polymers have attracted extensive interest because various
solution processing methods, such as casting, inkjet, gravure,
and roll-to-roll printing, can be applied for their fabrication.
Many z-conjugated polymers, including poly(3-alkyl
thiophene)s, (P3AT)s,”* poly(2,5-bis(3-alkylthiophen-2-yl)-
thieno[3,2-b]thiophene) (pBTTT),>® and poly(3,3”-didode-
cylquaterthiophene) (PQT-12),”® as well as conjugated
copolymers with donor—acceptor (D—A) architectures, such
as diketopyrrolopyrrole (DPP)-based copolymers,”'® have
been synthesized and used for high-performance OFETs.
Most polymer FETs can be applied in low-cost high-
throughput microelectronics such as smart cards, simple
displays, sensors, and electronic barcodes."'™"* It is known
that, due to polymeric long-chain backbone and conjugated
rigidity, solution-processed semiconducting polymers require
sufficient casting time to achieve highly 7-conjugated structures
along the source/drain (S/D) electrodes in the polymer FETs.
Additionally, the well-controlled interface between the organic
semiconductor and gate insulator is essential to achieve high
device performance because the charge transport occurs within
several nanometers thick layer near the dielectric."®"”

Blends and other multicomponent systems have been used in
various polymer applications to satisfy multiple requirements
that cannot be fulfilled by a single material. Recently,
multicomponent semiconducting channel systems incorporat-
ing mechanically tough polymers have been developed to
enhance the capability for formability and flexibility of OFETs.
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Specifically, poly(3-butyl thiophene),"®"® poly(3-hexyl thio-
phene) (P3HT),”°~** and PQT-12>*** were blended with
insulating or encapsulating matrix polymers. Such bicomponent
blending can drastically reduce the minimum amounts of
semiconducting polymers required to form uniform coating
layer onto substrates, providing low-cost processing benefits
and single processing advantages for encapsulation/or insu-
lation/channel coating via selectively vertical phase-segregation
of the 7-conjugated polymers."® > Since the semiconducting
blends possess much higher complexity than single semi-
conducting polymer systems, it is necessary to systematically
investigate the phase separation, which affects the physical and
electrical properties of the semiconductor/insulator blended
films in OFETs. In particular, semiconducting-elastomer blend
films can offer expanded flexibility for OFETs, as well as
reduced materials cost and improved mechanical properties.
However, it is still difficult to fabricate homogeneous
semiconducting/elastomer blend films owing to the large
differences in the solubility parameter () between these
components.27

Here, we investigated bicomponent blends composed of
well-controlled P3HT nanofibrils and polydimethylsiloxane
(PDMS) elastomer matrix, using the following steps: (1)
ultrasound-assisted crystal segregation of P3HT from its dilute
solution, (2) blending with a PDMS precursor, and (3) spin-
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Figure 1. Scheme of (a) ultrasonication-based film fabrication of P3HT/PDMS blend and (b) a top-contacted electrode OFET containing a P3HT

film spun-cast onto the gPS-SiO, gate dielectric.
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Figure 2. (a) Optical color and (b) UV—vis spectrum changes of the ultrasound-assisted 0.1 vol % P3HT solution as a function of #;.

casting onto a polymer-treated SiO, dielectric. A simple
solution blending of P3HT and PDMS with discernible
values of 9.5 and 7.3 cal'’? cm™, respectively, yielded macro
phase-separated domains in both the solution and solid states.
In contrast, optimization of ultrasonication-based solution
processing produced optically uniform and smooth P3HT/
PDMS blend films (1/9 in w/w). In these films, P3HT
nanofibrils could be embedded, well-dispersed, and percolated
in the elastomer matrix, yielding high electrical properties in
OFET, specifically, a field-effect mobility (spgy) value of
~0.045 cm® V™! s7' and on/off current ratio (Igy/Iogg) of >5 X
10°. Additionally, these films led to negligible hysteresis and
environmental stability by encapsulating the channel of the
PDMS matrix. Ultrasound treatment to induce directed self-
assembly of 7-conjugated polymers in a dilute solution revealed
that the reduced differences of & values between semi-
conducting and amorphous polymers can induce uniformly
dispersed charge-transport paths in a nonpolar polymer matrix,
such as PDMS, expanding flexibility and enabling realization of
high-performance OFET architectures at drastically reduced
materials cost with improved mechanical properties.

2. EXPERIMENTAL SECTION

2.1. Materials and Sample Preparation. P3HT was synthesized
by the Grignard metathesis method with Ni(dppp)Cl, catalyst,”® and
its number-average molecular weight (M,), weight-average molecular
weight (M,,), molecular weight distribution (PDI, M,/M,), and
regioregularity (RR) were determined by a Gel permeation chromato-

1291

graph (GPC, calibrated with polystyrene (PS) standards, JASCO SEC
System with RI-2031 and UV-207S in tetrahydrofuran at 40 °C with a
rate of 1 mL min™") and 'H nuclear magnetic resonance (NMR,
Bruker Ascend 400 MHz in CDCl, at 25 °C) analyses (see Figure S1
in Supporting Information, SI). A PDMS elastomer kit (Sylgard 184,
Dow Chemical) was used without any purification. 300 nm thick SiO,
layers on heavily n-doped Si substrates were first cleaned with acetone,
isopropanol, and UV—ozone (UV—0O;) exposure. Next, dimethyl-
chlorosilane (-Si(CH,),Cl)-terminated PS (M, = 8.5 kDa, PDI = 1.07,
Polymer Sources, Inc.) as a surface modifier was chemically grafted to
the UV—Oj-treated SiO, surfaces as previously described.” The
grafted PS-SiO, dielectrics (referred to as gPS-SiO,) were used as
bilayer gate dielectrics.

P3HT (M, = 21 kDa and PDI = 1.19) was completely dissolved in
toluene at 60 °C to prepare 1 mg-ml™" solution. Different nanoscale
agglomerates of P3HT were generated in solutions kept at 18 °C via
ultrasonication for 0—15 min (NXPC-4020, 40 kHz, 400 W). The
ultrasound-assisted solutions and PDMS precursor kit were then
simply blended to give P3HT/PDMS ratios of 1/9 in weight, after
which they were mechanically stirred at room temperature for S min.
Next, 50—80 nm thick semiconducting blend films were spun-cast
onto gPS-SiO,/Si substrates from solutions and thermally treated at 60
°C for 4 h to cure the PDMS prepolymer (see Figure la). All
procedures were performed under a glovebox (O, < 0.1 ppm and H,0
< 0.1 ppm). Finally, top-contacted S/D Au electrodes were thermally
evaporated on either the P3HT or P3HT/PDMS blend films through
a shadow mask: with a channel length (L) and width (W) of 100 and
1500 pm, respectively (see Figure 1b).

2.2. Characterization. The electrical parameters of P3HT OFETs
were measured using a Keithley 4200 SCS parameter analyzer under a
N,-purged glovebox (O, < 0.1 ppm and H,0 < 0.1 ppm). The pppr
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Figure 3. AFM topographies of P3HT agglomerates collected on SiO, substrates via spin-casting of different #,,;-treated P3HT solutions: £, = (a)

0 min; (b) 1 min; (c¢) 3 min; (d) S min; (e) 10 min; (f) 15 min.
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Figure 4. OM images of (a) P3HT and (b—f) 10 wt % P3HT-loaded PDMS blend films spun-cast on gPS-SiO, substrates from blended solutions
containing different t,;-treated P3HT solutions: (2, b) 0 min; (c) 3 min; (d) S min; (e) 10 min; (f) 1S min.

and threshold voltage (Vy,) were calculated in the saturation regime
(drain voltage, V, = —40 V) using the following equation: I, = (W/
2L)ppprCi(Vg — Viw)?, where I, Vi, and C; are the drain current, gate
voltage, and capacitance of the dielectrics, respectively. The C; of the
polymer-treated-SiO, dielectrics was approximately 10.8 nFcm™.
Atomic force microscopy (AFM, Multimode Nanoscope 8, Bruker)
was performed for the P3HT/PDMS cast films on the dielectric
substrates using a tapping-mode probe tip (spring constant: 20—30 N
m™!, resonance frequency: 275—315 kHz). A UV—vis experiment
(JASCO, V-670 spectrophotometer) was performed for P3HT
solutions before and after ultrasonication. Two-dimensional (2D)
grazing-incidence X-ray diffraction (GIXD) for the P3HT/PDMS
blend films was also performed at beamline 9A of the Pohang
Acceleration Laboratory (PAL, Korea). The sample was mounted on a
three-axis goniometer, and the scattered intensity was recorded using a
2D detector.

3. RESULTS AND DISCUSSION

It is well-known that an ultrasonication is useful for dispersal of
polymeric solutes in organic solvents. Semiconducting poly-
mers with strong 7— interactions were recently reported to be
capable of self-assembly into the intermolecular-stacked
nanocrystallites in solutions when high-energy ultrasound
waves were applied to untie the entangled conjugated
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chains.>>®' Several groups have reported that ultrasound-

assisted P3HT solutions yielded an interconnected network of
P3HT nanofibrils when P3HT films were cast on gate
dielectrics, even under rapid solvent-evaporation condi-

Here, 0.1 vol % P3HT solutions dissolved in toluene were
tightly sealed in vials and subjected to ultrasound treatment
inside a coolant-circulated double jacketed beaker kept at 18 °C
for different times (f,,y) ranging from 0 to 15 min. The visual
colors of the ultrasound-assisted P3HT solutions rapidly
changed from bright orange to dark red at above f,,,. = 1
min (see Figure 2a). Owing to the strong UV—vis absorption of
dissolved P3HT at 460 nm, the ultrasound-assisted P3HT
solutions showed two additional peaks around P1 = 564 nm
and P2 = 613 nm (see Figure 2b), corresponding to 0—1 and
0—0 absorption energies during the 7—7z* electronic transition,
respectively.> The UV—vis peak intensities increased monot-
onically with an increase in £, and this trend exactly matched
the t,,-dependent crystal growth and development of P3HT
from nanorods to nanofibrils.

Figure 3 represents AFM topographies of the P3HT
crystallites collected from ultrasound-assisted solutions. The
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Figure 5. Schematic diagrams: (a) macro phase-separation behavior of P3HT and PDMS based on the discernible & values between these
components and (b) dispersed 1D P3HT crystallites containing hairy hexyl covered surfaces in the toluene media.

Figure 6. AFM topographies of 10 wt % P3HT-loaded PDMS blend films spun-cast on the gPS-SiO, substrates from mixtures blended with the
P3HT solutions treated for different t,;: (a) 0 min; (b) 1 min; (c) 3 min; (d) S min; (e) 10 min; (f) 15 min.

ultrasound wave applied to the P3HT solutions could quickly
develop one-dimensional (1D) crystal structures with face-to-
face multistacking between conjugated thiophene backbone
chains, as well as hairy hexyl side-chains vertically oriented
along the crystal growth direction. In the ultrasound-assisted
solutions, the 1D nanorods or nanofibrils of P3HT were
suspended, and the portion of dissolved P3HT chains
decreased drastically with an increase in t,,;.>*** These results
strongly support that the conjugation length and ordering of
P3HT chains in the dilute solutions via ultrasonication were
significantly enhanced as previously reported.”'

To prepare P3HT/PDMS bicomponent solutions, the
PDMS precursor was added to different t,; -treated P3HT
solutions, and the blended solutions were then mechanically
stirred for S min. The blended solutions were subsequently
spun-cast onto the gPS-SiO, dielectrics, after which the
resulting films were thermally treated at 60 °C for 4 h to
cure the PDMS matrix. Figure 4 shows optical microscopy
(OM) images of S0—80 nm thick P3HT only and P3HT/
PDMS (1/9 w/w) blend films cast on the gPS-SiO, dielectrics.
P3HT-only film spun-cast from toluene was clear and
featureless in the OM image (see Figure 4a). In contrast,
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OM images of the ultrasound-assisted P3HT/PDMS blend
films showed morphologies that ranged from macroseparated
agglomerates to those with no feature depending on f,y.
When there was no ultrasound irradiation, simply blended
solutions (t,,c = 0 min) yielded agglomerates of several tens of
micrometers in the spun-cast film (see Figure 4b). In particular,
the pinning effect around these agglomerates on the gPS-SiO,
dielectric seriously degraded the uniformity of the cast films.
However, the ultrasound-assisted P3HT (f,,,c > 3 min) and
PDMS blend solutions produced uniformly dispersed phases of
P3HT in the as-spun films (see Figure 4c—f). Interestingly, the
blend film fabricated from the 15 min-ultrasonicated P3HT
solution was optically clear (Figure 4f).

As shown in Fi;ure 4, the miscibility between the P3HT
(Bpaur = 9.50 cal”? cm™?) and PDMS (Sppys = 7.30 cal'/?
cm™?) was drastically improved via the ultrasonication of
P3HT solutions. The results were primarily related to the
molecular architecture of P3HT containing both polar and
nonpolar segments. The & values of the thiophene backbone
and hexyl side chain were reported as Jr;, = 9.80 cal'/? cm™/?
and Sy ~ 7.30 cal’? em™? respectively.z’“6’37 Note that
most materials with similar & values are likely to be miscible in
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Figure 7. 2D GIXD patterns of (a) 100% P3HT and (b—f) 10 wt % P3HT-loaded PDMS blend films spun-cast on gPS-SiO, substrates from
(a, b) 0 min; (c) 1 min; (d) S min; (e) 10 min; (f) 15 min.

mixtures based on the P3HT solutions pretreated with different #,;.:

both the dissolved and solid states. Owing to the large value of
AS (= Spsur — Sppus) of 1.80 cal'’? em™2 it is possible that
the P3HT and PDMS components became easily immiscible in
toluene, after which large portions of PDMS formed micelles
containing fewer P3HT chains (see Figure Sa). Unlike the coil-
like conformation of P3HT chains, nanocrystallites burying 7-
conjugated thiophene backbones may be easily surrounded by
PDMS precursor owing to Sypy & Oppys- In the toluene media
(6ror = 8.9 cal'’? cm™?), the crystal surfaces covered by hairy
hexyl chains can have much greater attraction to PDMS than
toluene molecules (Figure Sb).

To characterize the ultrasound pretreatment effects of the
P3HT solutions on the dispersion and percolation of
semiconducting nanocrystallites in the resulting blend films,
AFM was also performed on the spun-cast P3HT/PDMS films
(50—80 nm thickness). Because of the rubbery surface
character of the blend films, a harder AFM tapping force was
applied with a driving amplitude of greater than three times the
initial one of a standard AFM probe (see Supporting
Information, Figure S2). The P3HT domains buried inside
the PDMS matrix improved the environmental stability of
P3HT (discussed below), despite lack of vertical-phase-
separation mechanisms known to impart similar benefits.*>*%*°

Figure 6 shows typical AFM topographies of ultrasound-
assisted P3HT/PDMS (1/9) blend films on the gPS-SiO, gate
dielectrics. As expected from the OM morphologies (see Figure
4), the nanoscale miscibility between P3HT and PDMS was
considerably enhanced via the ultrasound-assisted self-assembly
of P3HT in the solutions. In the P3HT/PDMS blend films, the
degree of the inhomogeneity and agglomerated phases
decreased significantly as f,,, increased for the dilute P3HT
solution. As a result, homogeneous films could be reproducibly
spun-cast from the 15 min ultrasound-assisted P3HT solution
blended with the PDMS: the highly percolated network of the
P3HT crystal nanofibrils could extend the z-conjugation path
for charge-carrier transport (see Figure 6f).

Additionally, synchrotron-based GIXD was performed on all
the spun-cast films to clarify the z-conjugated structures of
P3HT crystallites embedded in the blend films. Figure 7 shows
the 2D GIXD patterns of as-spun 100% P3HT and 10% P3HT-
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loaded PDMS blend films on the gPS-SiO, dielectrics. As
reported elsewhere,**' the 2D GIXD pattern of the spun-cast
P3HT film showed broad X-ray reflection peaks of (I00) and
(010) crystal planes along the Q, and Q, axes, respectively (see
Figure 7a), indicating that 7-conjugated planes were laterally
less-ordered on the substrate owing to rapid solvent
evaporation. In the blend films, both the crystallinity and 7-
conjugated chain orientation on the dielectrics increased
drastically with an increase in ;. against the P3HT solutions
(see Supporting Information, Figure S3), while the no-
ultrasonic system showed weak crystal reflections and a broad
amorphous hollow in the 2D GIXD pattern originating from
P3HT and PDMS, respectively (see Figure 7b—f). On the basis
of the AFM and 2D GIXD results, facile ultrasound irradiation
against a dilute P3HT solution and subsequent mixing of the
solutions with PDMS precursor could develop highly crystalline
structures of P3HT in these spun-cast films.

Top-contacted electrode OFETs were fabricated via thermal
evaporation of Au through a shadow mask (L = 100 ym; W =
1500 ym) onto P3HT and P3HT/PDMS films (see Figure 8a).
Figure 8ab show the drain current—gate voltage (Ip—Vg)
transfer curves of these OFETs based on the gPS-SiO,
dielectric series operated under a saturation regime (drain
voltage, V, = —40 V). The electrical characteristics of the
OFETs are also summarized in Table 1. First, 21 kDa P3HT
OFETs showed pggr = 0.03 cm® V™' s™! and Vy, = —4 V, with a
negligible hysteresis during the V; sweep (see Figure 8a). In
contrast, the P3HT/PDMS blend films showed different
electrical properties in OFETs as a function of ty. As
expected, the P3HT/PDMS blend films containing isolated
P3HT agglomerates, such as the 3 min ultrasound-treated
sample showed poor piggy values of below 107> cm® V™! s™! and
large V-sweep hysteresis (see Figure 8b). However, as the
P3HT nanofibrils became well-dispersed and started to be
interconnected in the PDMS matrix, the electrical performance
of the resulting P3HT/PDMS OFETs was significantly
improved, with a pppr value of up to 0.045 cm* V™' s7' and
on and off current ratio Ioy/Iops of >S5 X 10°, encompassing
those of spun-cast P3HT OFET. The corresponding Ip—Vp
output curves of the ultrasound-assisted P3HT/PDMS-based
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Figure 8. (a,b) Drain current-gate voltage (I—Vj;) transfer curves of
(a) spun-cast P3HT and (b) P3HT/PDMS (1/9 w/w) OFETs on
gPS-SiO, dielectrics from the ultrasound-assisted solutions with
different t,,;.. (c) Ip—Vp output curves of the 1S min ultrasound-
assisted P3HT/PDMS based OFET. (d) Variations in ppgr of P3HT/
PDMS OFETs as a function of ¢,

'sonic*

Table 1. Electrical Performance of the P3HT and
Ultrasound-Assisted P3HT/PDMS OFETs

ultrasonication Hrey Vi
active layer time (£, Min) (em? Vs V) Ion/Iors
100% P3HT 0 0.03 + 0.005 -4 ~10°
P3HT/PDMS 3 <0.001 -14  >10°
(1/9) blend
5 0.015 + 0.003 -4 <10°
10 0.025 + 0.008 -8  ~10°
15 0.045 + 0.010 -9 >5x%10°

OFET showed a typical S-shape at a low Vp, regime. The initial
contact resistance was mainly related to the topmost thin
PDMS layer, as the insulating layer between the P3HT
crystallites and electrodes. Development of the conductive
P3HT network inside the PDMS insulating matrix could
improve the charge-carrier transport in the OFETs, especially
for those blends with low P3HT content (10 wt %).
Additionally, the f;. = 15 min sample showed excellent
environmental stability, during continuous V-sweep operation
in ambient air owing to the PDMS-surrounding channel, in
comparison to 100% P3HT OFET showing the large negative
Vi shift (see Supporting Information, Figure S4). We believe
that these types of semiconducting-elastomer blends offer
expanded flexibility for realizing high-performance OFET
architectures at drastically reduced materials cost with
improved deformability and flexibility.

4. CONCLUSION

Using immiscible polymeric semiconductor and insulating
materials, we successfully demonstrated that bicomponent
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semiconducting blend films comprising well-controlled poly-
(3-hexyl thiophene) (P3HT) nanofibrils and polydimethylsi-
loxane (PDMS) elastomer matrix could be fabricated via the
following steps: (1) ultrasound-assisted crystal segregation of
P3HT from its dilute solution, (2) sequential blending with a
PDMS precursor, and (3) spin-casting on a PS-grafted SiO,
bilayer dielectric. A simple solution blending of P3HT and
PDMS with discernible § values of 9.50 and 7.30 cal’> em™",
respectively, yielded macro phase-separated agglomerates of
P3HT in both solution and solid state. Inducing one-
dimensional (1D) P3HT nanocrystallites surrounded by
nonpolar hexyl side chains in an ultrasound-assisted solution
resulted in drastically improved miscibility of P3HT crystallites
with PDMS precursor in solutions that could produce optically
uniform and smooth P3HT/PDMS blend films. In this case,
the 10 wt %-loaded P3HT nanofibrils could be embedded, well-
dispersed, and percolated in the elastomer matrix, showing high
electrical properties in OFET, with a field-effect mobility (ugpr)
value of ~0.045 cm® V™! s™! and on/off current ratio (Ioy/
Iops) of >5 X 10°, as well as negligible hysteresis and
environmental stability by encapsulating the channel of the
PDMS matrix.

We believe that the reduced differences in ¢ values between
semiconducting and amorphous polymers generated by
direction of self-assembly of z-conjugated polymers in dilute
solution can induce uniformly dispersed charge-transport paths
in a rubbery insulating polymer matrix, expanding an excellent
flexibility for the realization of high-performance OFET
architectures at drastically reduced materials cost with
improved mechanical properties.
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