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Abstract: We demonstrate that using nanocomposite thin films consisting of semiconducting polymer,
poly(3-hexylthiophene) (P3HT), and electrochemically exfoliated graphene (EEG) for the active
channel layer of organic field-effect transistors (OFETs) improves both device performances and
mechanical properties. The nanocomposite film was developed by directly blending P3HT solution
with a dispersion of EEG at various weight proportions and simply transferring to an Si/SiO2
substrate by the solution floating method. The OFET based on P3HT/EEG nanocomposite film
showed approximately twice higher field-effect mobility of 0.0391 cm2

·V−1
·s−1 and one order of

magnitude greater on/off ratio of ~104 compared with the OFET based on pristine P3HT. We also
measured the mechanical properties of P3HT/EEG nanocomposite film via film-on-elastomer methods,
which confirms that the P3HT/EEG nanocomposite film exhibited approximately 2.4 times higher
modulus (3.29 GPa) than that of the P3HT film (1.38 GPa), while maintaining the good bending
flexibility and durability over 10.0% of bending strain and bending cycles (1000 cycles). It was proved
that the polymer hybridization technique, which involves adding EEG to a conjugated polymer, is a
powerful route for enhancing both device performances and mechanical properties while maintaining
the flexible characteristics of OFET devices.

Keywords: organic field-effect transistor; nanocomposites; electrochemically exfoliated graphene;
solution floating method; film-on-elastomer

1. Introduction

Organic semiconductors have several advantages over inorganic semiconductors such as flexibility,
solution processability, mass production, and low-cost manufacturing, which allow the fabrication
of a wide range of electronic devices [1]. Among organic semiconductors, conjugated polymer
semiconductors such as poly(3-alkylthiophene) (P3AT) [2,3], poly(3,3′′′-didodecylquaterthiophene)
(PQT-12) [4,5], and diketopyrrolopyrrole (DPP)-based copolymer [6,7] have been synthesized for use
as active layers of organic electronic devices, such as organic solar cells (OSCs) [8,9], organic field-effect
transistors (OFETs) [10], organic light-emitting diodes (OLEDs) [11], and sensors [12]. However,
current conjugated polymer semiconductors still have some limitations; they have low carrier
mobilities (0.001–0.01 cm2

·V−1
·s−1), as well as poor uniformity and stability when they are deposited

to fabricate organic devices [13,14]. To industrialize the organic electronic devices, the mobility of
conjugated polymer semiconductors needs to be increased while maintaining its unique flexibility
and solution-processability.
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There are two strategies for improving the mobility of a conjugated polymer semiconductor.
The first involves synthetic methods that directly change the length of the backbone, conjugate moieties,
and regioregularities in the conjugated polymer. However, these synthetic methods follow complex
routes and need long times to synthesize the required products [7,15,16]. The second strategy involves
the hybridization of conjugated polymer and nanocarbon materials such as carbon nanotubes (CNT)
and graphenes, since the nanocarbons have excellent intrinsic electrical and mechanical properties
(charge carrier mobility of 200,000 cm2 V−1 s−1, electrical conductivity of 6000 S cm−1, and Young’s
modulus of 1100 TPa) [17–19]. Geng et al. reported a remarkable enhancement in the field-effect
mobility by blending single-walled carbon nanotubes (SWCNTs) into a semiconductor polythiophene
film [20]. Huang et al. showed that the field-effect mobility of a semiconducting polymer/graphene
hybrid OFET was four times higher than that of OFETs based on pure semiconducting polymers [21].
These studies have discussed that the inclusion of functional nanocarbons can improve the morphology
and increase the crystallinity of the active channel layers of the organic electronic devices. Furthermore,
the nanocarbons can act as conducting bridges between the crystalline regions of the semiconductor
film and provide “fast lanes” for charge carriers, thereby enhancing the effective mobility of the entire
transistor [22,23].

In this research, we fabricated an OFET based on nanocomposite films of conjugated polymer
semiconductors as the matrix and electrochemically exfoliated graphene (EEG) as fillers using the
solution-floating method. The exfoliated graphene was mass-produced via an electrochemical method
described in detail in our previous reports [24,25]. We used poly(3-hexylthiophene) (P3HT), one of
the most commonly used conjugated polymer semiconductor for active channel layer of organic solar
cell and transistor devices. The P3HT solution in chloroform was simply mixed with EEG dispersed
in N-methyl-2-pyrrolidone (NMP) to prepare a hybrid solution, hereon referred to as P3HT/EEG.
The pristine P3HT and P3HT/EEG nanocomposite are solution-processable and allow several deposition
methods such as spin coating, inkjet printing, and roll-to-roll method. In this work, we fabricated
the OFET via the solution-floating method [26], which is a simple and convenient method to provide
high-quality crystalline films and to prepare active layers made of hybrid materials [27–29]. The OFET
based on P3HT/EEG nanocomposite film showed approximately twice higher field-effect mobility of
0.0391 cm2

·V−1
·s−1 and one order of magnitude greater on/off ratio of ~104 compared with the OFET

based on pristine P3HT.
Next, we examined the mechanical properties of P3HT/EEG nanocomposite films using

film-on-elastomer (FOE) methods including buckling and bending tests. We found that the P3HT/EEG
nanocomposite film exhibited approximately 2.4 times higher modulus (3.29 GPa) than that of the
P3HT film (1.38 GPa), while maintaining the good bending flexibility and durability over 10.0% of
bending strain (bending radius of 1.5 cm) and bending cycles (1000 cycles). The enhanced mechanical
properties of the nanocomposite films are attributed to the enhancement of the film roughness and
crystallinity, where the P3HT and EEG are tightly held together compared to an amorphous structure.

2. Materials and Methods

2.1. Materials

Graphite foils were purchased from Alfa Aesar (99.8 %, Haverhill, MA, United States).
Ammonium sulfate ((NH4)2SO4, 99.5%) and N-methyl-2-pyrrolidone (NMP, 99.5%, special grade)
were purchased from Samchun Chemical Company (Seoul, Korea). Poly(3-hexylthiophene)
(MW = 50–70 KDa, PDI = 1.4–1.6) was purchased from Solaris Chem Inc (Vaudreuil-Dorion, QC, Canada).
Toluene (anhydrous, ≥99%) was purchased from Sigma-Aldrich (Milwaukee, WI, USA). The membrane
filter (Anodisc 47) was purchased from Whatman (Maidstone, UK). Poly(dimethylsiloxane) (PDMS,
Sylgard 184) was purchased from Dow Corning (Midland, MI, USA).
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2.2. Solution-Floating Method for Fabrication of P3HT/EEG Nanocomposite Films

P3HT solutions were dissolved in toluene at a concentration of 10.0 mg mL−1 and filtered using
a syringe filter with 0.2 µm pores. EEG was dispersed in NMP at concentrations of 0.25, 0.5, 1.0,
2.0 mg mL−1 by ultrasonication for 12 h. Subsequently, 1 mL of pristine P3HT solution was added into
1 mL EEG dispersion (P3HT solution:EEG dispersion = 1:1 (v/v)) and sonicated for 60 min. The mass
ratios of P3HT:EEG in the resulting four different nanocomposite solutions were 100:2.5, 100:5, 100:10,
and 100:20, and the solutions were named as P3HT/EEG2.5, P3HT/EEG5, P3HT/EEG10, and P3HT/EEG20

nanocomposite solution, respectively, where the subscripts represented a “parts per hundred resin
(phr)”. For each solution, 30 µL was dropped onto water in a petri dish (diameter: 100 mm) and
maintained at room temperature until the completion of solvent evaporation.

2.3. Fabrication of OFETs based on P3HT/EEG Nanocomposite Films

A highly p-doped Si wafer with a thermally grown SiO2 layer (thickness: 300 nm) was cleaned
with distilled water, ethanol, and acetone for 30 min each using an ultrasonicator. The nanocomposite
films were formed by the solution floating method. The nanocomposite films were transferred onto
the cleaned Si wafer by gently dropping the Si substrates into the nanocomposite film floated on water.
After transfer, annealing was carried out at 120 ◦C for 10 min. The Au electrodes (thickness: 100 nm)
were thermally evaporated through a shadow mask (channel length: 50 µm; channel width: 2000 µm).
The field-effect mobility (µFET) was calculated in the linear regime using the standard FET equation.
A pristine P3HT thin film device was also prepared for comparison by the solution-floating method
with P3HT toluene solution added to the same volume of pure NMP (P3HT solution:NMP = 1:1 (v/v)).

2.4. Measurements of Mechanical Properties of Nanocomposite Films (FOE Method)

Buckling method (tensile modulus): Liquid PDMS (Sylgard 184, base:cross-linker = 10:1) was
poured into a petri dish and cured at 50 ◦C for 2 h in a vacuum oven. The cured PDMS was cut into a
rectangular shape (length = 60 mm, width = 10 mm, height = 3 mm) and was fixed on both ends onto a
glass slide with 10% strain [30,31]. The pre-strained PDMS was treated with UV-ozone (UV-O3) and
P3HT and P3HT/EEG nanocomposite films made by solution-floating method were deposited on the
surface. After drying at room temperature, the pre-strained PDMS was released to its initial state.

Bending strain: The P3HT and P3HT/EEG nanocomposite films were deposited on the UV-O3

treated surfaces of PDMS rectangles, which were fixed onto glass slides. The samples were set on
a translation stage for the bending process. The initial length (L) of the samples was changed by
compression forces on the stage. The samples were bent in the vertical (upper) direction, and the
length of the samples was decreased from L to L-dL by bending. The bending radius (Rbend) and strain
(ε) were calculated using dL/L [28]. SEM images of the film surfaces were acquired at fixed dL/L = 50%
and 80% (see Figure S1, Supporting Information).

Cyclic bending test: Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)
(PH 1000) aqueous solution with 1 wt% sodium dodecyl sulfate (SDS) was filtered using a PTFE
syringe filter with 1.0 µm pore size and spin-coated onto the PDMS substrate at a spin speed of
500 rpm for 120 s followed by 2000 rpm for 30 s. The PDMS/PEDOT:PSS substrate was dried for
12 h at the room temperature. After that, the P3HT/EEG nanocomposite films were transferred onto
the PDMS/PEDOT:PSS substrate by using solution floating method. The cyclic bending test was
performed at dL/L = 0 to 50% for 1000 cycles. At 200, 400, 600, 800, and 1000 cycles, we took off

the P3HT/EEG nanocomposite films from the PDMS/PEDOT:PSS substrate; at each bending cycle,
P3HT/EEG nanocomposite film on the PDMS/PEDOT:PSS substrate was immersed and floated on water
surface because the PEDOT:PSS layer was dissolved by water penetration. The floated nanocomposite
film was transferred onto the Si/SiO2 substrate with Au source/drain (S/D) electrodes for measuring
the field-effect mobility.
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2.5. Characterization

The output and transfer characteristics of the OFET devices were measured at ambient condition
using a Keithley 2612B source meter (Cleveland, OH, USA) and an MST-4000A MSTECH probe
station (Hwaseong, Korea). The crystallinity of the nanocomposite films was determined by various
spectroscopic analyses. UV–Vis spectra were collected using an Optizen POP (K Lab Co., Daejeon,
Korea). Raman spectra were recorded with a Rigaku Ultima IV (laser wavelength: 532 nm, Kyoto,
Japan). The X-ray diffraction (XRD) patterns of the nanocomposite films were acquired using a
Rigaku Ultima IV diffractometer (Kyoto, Japan). The surface morphology and topographies of the
nanocomposite films were investigated using scanning electron microscopy (SEM) (COXEM, CX-200TA,
Daejeon, Korea) and atomic force microscopy (AFM) (Bruker, Nanoscope, Billerica, MA, USA).

3. Results and Discussion

3.1. Preparation and Characterization of OFET based on the P3HT/EEG Nanocomposite Films via Solution
Floating Method

The OFET based on the P3HT/EEG nanocomposites was fabricated via the solution floating
method on a Si/SiO2 substrate (Figure 1). The nanocomposite materials for the active channel layer of
the OFET devices were dissolved in toluene/NMP mixed solvent and the solution was dropped onto
water in a petri dish. The toluene/NMP is a suitable solvent for preparing uniform nanocomposite
films via solution floating method due to the following reasons: First, the NMP is miscible with water
and several common organic solvents. When P3HT/EEG nanocomposite, dissolved in toluene/NMP
mixed solvent, was dropped onto water surface, the NMP solvent with high boiling point was diffused
into the water and the toluene solvent was evaporated from the water surface. As a result, the NMP
and toluene solvents were easily removed and the P3HT/EEG nanocomposite thin film remained on
the water surface. The thin film can be easily transferred by stamping onto the SiO2 dielectric layer to
form the active layer of the OFET device. Second, it has been reported that the OFET device fabricated
by solution floating method with P3HT channel layer using toluene solvent showed better electrical
properties than those of devices prepared using chloroform and tetrahydrofuran (THF) solvents [27].
A floated thin film composed of well-organized P3HT nanowires can be obtained by using a water
immiscible toluene solvent with a slow evaporation rate, while the chloroform and THF solvents
induced random aggregation of P3HT molecules instead of well-organized P3HT nanowires because
of their fast evaporation rate. Consequently, when the toluene/NMP mixed solvent was used for the
solution-floating method, the crystallinity of P3HT/EEG nanocomposite thin film increased and the
OFET devices based on the nanocomposite channel layers showed the enhanced field-effect mobilities.
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exfoliated graphene (EEG) nanocomposite film and organic field-effect transistor (OFET) device via
solution floating method.
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Figure 2 shows the thin film fabrication process of pristine P3HT and P3HT/EEG nanocomposite
via solution floating method. The color of the pristine P3HT solution changed from orange to purple
when the toluene solvent evaporated, which means that the floated P3HT molecules on water surface
could be self-assembled into nanowire structures via interchain π–π interactions [27]. On the other
hand, the color of the P3HT/EEG nanocomposite solution was immediately changed from orange to
dark purple right after the P3HT in toluene solution and EEG in NMP solution were mixed. P3HT
molecules were aggregated to form self-assembled nanowire because the NMP is not a good solvent
for P3HT solubilization. Oh et al. reported that the nanorods or nanofibrils of the P3HT were formed
via rapid cooling of the solution, which caused the solubility changes of the solvent and gave the
driving force for one-dimensional (1D) growth between rigid conjugated backbones of P3HT [3,32].
They used P3HT nanofibrils for active layer of the solar cell and showed the increase of charge carrier
mobility of the devices. For the same reason, we also made the nanocomposite solution with the
P3HT nanowire and the EEG sheet using the difference in solubility between the toluene and NMP
solvents. Both P3HT nanowire and the EEG sheet in the nanocomposite solution could act as seed
crystals during the solution floating process, therefore the P3HT/EEG nanocomposite thin film showed
a better crystallinity than that of the pristine P3HT film and had a well-organized morphology [26].
The detailed characterization and explanation will be given in Figures 4 and 5.
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Figure 2. Digital images of fabrication process of (a) pristine P3HT and (b) P3HT/EEG nanocomposite
films via solution floating method.

The OFET devices were fabricated with five different mass ratios of EEG in the solution. Figure 3a,b
show the electrical (transfer and output curves) characteristics of the OFETs based on the pristine P3HT
and the P3HT/EEG nanocomposite channel layers. The field-effect mobility of the devices in the linear
regime was calculated using the following equation:

IDS =
W
L
×Ci × µFET ×VDS × (VGS −VTh)

where W is the channel width, L is the channel length (W/L = 2000 µm/50 µm), Ci is the gate dielectric
capacitance per unit area (Ci of 300 nm thick SiO2 ≈ 11.5 nF cm−2), µFET is the field-effect mobility,
and VTh is the threshold voltage. The P3HT/EEG2.5 sample had nearly similar electrical properties
as the pristine sample, while the P3HT/EEG5 sample had slightly increased mobility (Figure 3a and
Table 1). In the case of the OFET based on the P3HT/EEG10 nanocomposite film, the field-effect mobility
(µFET = 0.0391 cm2

·V−1
·s−1) was almost double that of the pristine sample (µFET = 0.0223 cm2

·V−1
·s−1)

and the on/off ratio increased by one order of magnitude. Moreover, the OFET based on the
P3HT/EEG10 film had well-defined gate modulation in the output curves, signifying that the film has
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good semiconducting properties (Figure 3b). This means that there is an optimal ratio of P3HT and
EEG to enhance the performance of OFETs.
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Table 1. Device performance parameters of OFETs based on pristine P3HT and P3HT/EEG
nanocomposite films.

Parameters Pristine P3HT P3HT/EEG2.5 P3HT/EEG5 P3HT/EEG10 P3HT/EEG20

µFET (cm2·V−1·s−1) 0.0227 0.0223 0.0278 0.0391 −

Ion/Ioff ~103 ~103 ~104 ~104 −

VTh (V) −6.97 −8.87 −11.8 −15.8 −

Previous research has shown that hybridization of two-dimensional (2D) nano-carbon materials
such as graphene and graphene oxide (GO) with organic semiconductors amplifies the electrical
performance of OFETs. We have already explained that 2D graphene can increase the crystallinity of
nanocomposite film. In addition, Huang et al. demonstrated that graphene sheet has outstanding
electrical properties, so it can act as a bridge for connecting the crystalline regions of the P3HT grain [21].
Theoretically, in the nanocomposite system, the increases of the graphene content (covering area) can
improve the electrical properties of OFET until reaching the percolation threshold of the graphene.
As a result, increasing the covering area with highly conductive and large-area graphene sheets in the
channel layer can enhance the electrical characteristic of the OFET such as mobility and on/off ratio
than the OFET based on pristine P3HT channel layer. Therefore, increasing the mass ratios of EEG in
nanocomposite films (P3HT/EEG10) enhanced the field-effect mobility and the on/off current ratio.

The P3HT/EEG20 sample with the highest content of EEG, however, did not work well as the
active channel layer of the OFET devices because of the aggregation of EEG in the nanocomposite
solution (Figure S2, Supporting Information). Large amounts of EEG can be dispersed well in solvents
such as NMP or DMF, but not in solvents such as toluene and toluene/NMP mixed solvent; hence,
aggregation can occur when the ratio of EEG is increased in the nanocomposite solution [33,34].
Therefore, in the toluene/NMP solvent system, we assumed that the 10 phr of EEG was the maximum
ratio which can stably disperse the EEG in the nanocomposite solution. When the ratio of EEG reached
20 phr, the EEG was quite aggregated and separated from of the P3HT/EEG20 solution even after
ultrasonication treatment. Furthermore, when the content of the graphene is over the optimal level
(10 phr) in the nanocomposite, the crystallinities of the film and the device performances deteriorated
because the structural order of P3HT decreased due to the excessive electrostatic interaction between 2D
graphene sheets and P3HT molecules [21,35,36]. Therefore, the P3HT/EEG20 nanocomposite solution
did not exhibit the electrical properties of an OFET even when a thin film was formed by the solution
floating method.

The transferred P3HT thin film via the solution-floating method has strong UV–Vis absorption
peaks at 515, 550, and 600 nm due to the crystalline intermolecular structure of thiophene chains
(Figure 4a) [26]. The shoulder peak at 600 nm is caused by the interchain π-π* transition of P3HT
chains [37]. As the EEG content increased from 0 to 10 phr, the intensity of this shoulder peak increased
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and the peak was red-shifted. This is due to the increase in chain motion and crystalline ordering
between the π-π interacting 2D-EEG surface and thiophene chains of P3HT. In the case of thin film
which consists of homogeneous polymer such as poly(3-alkylthiphene), the main factor of the changes
in the UV–Vis spectrum is conjugate length of poly(3-alkylthiphene) [38]. The absorption peak of the
P3HT thin film was red-shifted when increasing the molecular weight because the longer conjugation
length of P3HT leads to absorption at lower energy. On the other hand, the P3HT/EEG nanocomposite
film is heterogeneous film so that the intermolecular interaction between P3HT molecules and EEG
sheets is the main factor of the change in the UV–Vis absorption peaks. The results of peak broadening
and red-shift of the UV–Vis absorption of P3HT/EEG nanocomposite film demonstrate charge transfer
interaction between the two materials. Pandey et al. also reported that the UV–Vis absorption peak
would red-shift caused by the molecular interactions between conjugate polymer and graphene [39].
Therefore, it can be observed that the UV–Vis absorbance spectra of the P3HT/EEG nanocomposite films
was red-shifted compared to that of pristine P3HT film. Meanwhile, the P3HT/EEG20 nanocomposite
film exhibited weak absorption because of the aggregation of EEG.
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XRD analysis was carried out to investigate the change of the crystallinity of the nanocomposite
films (Figure 4b). The XRD profiles of pristine P3HT and P3HT/EEG nanocomposite films with different
contents of EEG equally showed a sharp peak at 2θ = 5.3◦ due to the (100) plane of the P3HT chain.
A strong diffraction peak at 26.4◦ is corresponding to an interlayer d-spacing of EEG sheets (3.37 Å) in
the nanocomposite. Moreover, the intensities of the (100) and (002) peaks drastically increased in the
P3HT/EEG10 nanocomposite film, which implies that the optimal content of EEG in the composite film
can induce higher crystallinity and stronger intermolecular interactions. It has been reported that the
P3HT molecules has more ability to crystallize in the composite film because the thiophene rings in a
P3HT chain becomes interconnected with sp2-hybridized graphene surface [40,41].

The AFM images of the transferred P3HT and P3HT/EEG10 nanocomposite films via solution
floating method showed a clear topological difference (Figure 5). The P3HT/EEG10 nanocomposite film
has more distinct worm-like structures with a higher root mean square (RMS) roughness of 2.45 nm than
that of the P3HT film (RMS roughness = 1.91 nm) because of the inclusion of large crystalline domains
of P3HT derived by EEG [39,42]. This also confirms that the structure of P3HT/EEG10 has a more
inter-connected crystalline morphology via the 2D structure of EEG, as compared to that of the pristine
P3HT, which improves the connectivity among the grain boundaries of the P3HT domains. The active
channel layer composed of only long polymer chains without EEG sheets has smaller domains, making
charge carrier transfer in the active layer difficult. This can be overcome by incorporating highly
conductive and large-area EEG, which acts as both helper for enhancing crystallinity and conducting
bridge for charge carrier transfer in the active channel layer [43].
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3.2. Measurement of Mechanical Properties of P3HT/EEG Nanocomposite Films via Film-on-Elastomer
Methods

In general, the mechanical properties of organic thin films used as active channel layers are the
main factors that determine the flexibility and durability of the organic devices. However, it is difficult
to measure the mechanical properties of thin films using conventional characterization methods such
as tensile tests. Fortunately, novel methods for measuring the mechanical properties of organic thin
films have been developed [44,45]: FOE method is a powerful and accurate technique for quantitatively
measuring the mechanical properties of thin films [46,47].

The tensile modulus of thin films can be obtained using the FOE-based buckling method.
This technique takes advantage of the buckling wave that appears on organic thin films coated on an
elastic substrate (Figure 6a). The tensile modulus of the nanocomposite films was calculated by the
following equation:

Ef = 3Es

(
1− νf

2

1− νs2

)(
λb

2πdf

)3

where Ef is the tensile modulus of the film, Es is the tensile modulus of the PDMS substrate (0.9–1.0 MPa),
νf is the Poisson’s ratio of the film (0.35), νs is the Poisson’s ratio of the PDMS substrate (0.5), and df

is the film thickness (200 nm) [30,48]. The buckling wavelength (λb) was measured experimentally.
The SEM images showed that the buckling wavelengths increased (Figure 6c–f) as the EEG content of
the nanocomposite films increased. Compared with the transferred P3HT film, the tensile modulus
of the P3HT/EEG nanocomposite films also tended to increase as the mass ratio of EEG increased
(Figure 6b). The P3HT/EEG10 nanocomposite film exhibited approximately 2.4 times higher modulus
(3.29 GPa) than that of the P3HT film (1.38 GPa). Nanocomposite films with higher EEG contents
(~10 phr) have a highly crystalline structure, where the P3HT and EEG are tightly held together
compared to an amorphous structure [48,49]. However, organic thin films with even higher EEG
contents (~20 phr) are too brittle and stiff to form the buckling structure due to the excessive aggregation
of EEG sheets. It was confirmed the modulus and stiffness of nanocomposite films were strongly
affected by the mass ratio of EEG in the films.
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The bending properties (flexibility) of the nanocomposite films were also characterized using the
FOE method. The FOE method can provide the effective strain on thin films at a certain bending radius.
The measurements were performed for nanocomposite films on the rectangular PDMS substrate with
initial length of 60 mm. The transferred P3HT and nanocomposite films on PDMS were bent when the
lengths of the PDMS rectangles were reduced by compressive force (Figure 7a). The bending radii of
the films were calculated by the following equation:

Rbend =
L

2π
√

dL
L −

π2h2
s

12L2

where Rbend is bending radius, L is the initial length of the PDMS substrate, dL is the change in length,
and hs is the substrate thickness. The effective bending strain (ε) is defined as hs/(2Rbend) [42,50].

The flexibility and stretchability of the films are closely related to the crack-onset strain, the minimal
strain level at which microcarcks begin to develop. Figure 7b shows the SEM images of the transferred
P3HT and P3HT/EEG nanocomposite films at bending state of dL/L = 50 and 80%. At dL/L = 50%,
no cracks were observed on the surface of both P3HT and nanocomposite films, where the bending
radius and strain were 1.35 cm and 11%, respectively. From this observation, it is confirmed that the
P3HT/EEG nanocomposite films have good bending flexibility over 10.0% of bending strain in the
wide range of the EEG content (from 0 to10 phr). However, cracks appeared on the P3HT/EEG5 and
P3HT/EEG10 nanocomposite films when dL/L reached approximately 80% (Rbend = 1.07 cm, ε = 14.0%).
The transferred P3HT and P3HT/EEG2.5 nanocomposite film only showed wrinkles and microcracks
on the surface at bending state of dL/L = 80%.

Figure 7c shows the crack-onset strain as a function of mass ratio of EEG in nanocomposite films.
To clarify the correlation between the bending flexibility and tensile modulus of nanocomposite films,
tensile modulus data were added and compared to the crack-onset strain. It was found that these
two properties have an opposite tendency; the tensile modulus increased and bending flexibilities
decreased when the mass ratio of the EEG in the films increased. The P3HT/EEG10 nanocomposite film
exhibited lower crack-onset strain (11.5 %) than the others, which means that P3HT/EEG10 film has
higher tensile modulus (3.29 GPa) but lower bending flexibility. From the comparison between the
tensile modulus and crack-onset strain, it was concluded that the P3HT/EEG nanocomposite films have
superior mechanical properties to that of pure P3HT film in the wide range of the EEG content (from 0
to 10 phr) while maintaining the good bending flexibility over 10.0% of bending strain (bending radius
of 1.5 cm).
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Figure 7. (a) Schematic illustration of bending test and (b) SEM images of the P3HT and P3HT/EEG
nanocomposite films at bending state of dL/L = 50% (R = 1.35 cm, ε = 11.0%) and dL/L = 80% (R = 1.07 cm,
ε = 14.0%). (c) Comparison between tensile modulus and crack-onset strain depending on the mass
ratio of EEG in nanocomposite films.

To evaluate the bending durability of the nanocomposite films, we carried out a cyclic bending
test (Rbend~1.35 cm, bending strain ~11%) for the P3HT/EEG10 nanocomposite film, which showed the
highest field-effect mobility and tensile modulus. P3HT/EEG10 nanocomposite films were transferred
onto the flexible PDMS/PEDOT:PSS substrates by solution floating method for the cyclic bending
tests (Figure 8a). After 0, 200, 400, 600, 800, and 1000 bending cycles, each sample was transferred to
the Si/SiO2 substrate with Au S/D electrodes. Figure 8b shows the change of the field-effect mobility
depending on the bending cycles. Difference between the data points of ‘initial’ and ‘0 cycle’ is
without and with the transfer process of the nanocomposite film from the flexible PDMS/PEDOT:PSS
substrate to Si/SiO2 substrate, respectively. The field-effect mobility was slightly decreased from
0.0391 to 0.0345 cm2V−1s−1 from the points of initial to 0 cycle (Figure 8b and Figure S3, Supporting
Information). Such a slight degradation of the device performance before the cyclic bending test may
be caused by the introduction of small defects on the nanocomposite film during the multiple-transfer
processes (floating on the water surface ε→ PDMS/PEDOT:PSS substrate→ Si/SiO2 substrate) [51].
After 0 cycles, however, the device performance stabilized, and the mobility values remained nearly
unchanged until the number of bending cycles reached 1000; average mobility of the OFETs based on
the P3HT/EEG10 nanocomposite films was 0.325 cm2V−1s−1 after the cyclic bending test. Although
some wrinkles were founded on the P3HT/EEG10 nanocomposite film, there was no crack on the film
surface after 1000 cycles of bending test (Figure 8c). We confirmed that the P3HT/EEG10 nanocomposite
film endured 1000 bending cycles and demonstrated the stable device performance during cyclic
bending tests.
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Figure 8. (a) Photo image of the P3HT/EEG10 nanocomposite film with the Poly(dimethylsiloxane)
(PDMS)/PEDOT:PSS substrate under bending condition (Rbend = 1.35 cm). (b) Change of the field-effect
mobility depending on the bending cycles. (c) SEM images of the P3HT/EEG10 nanocomposite film
before (left) and after (right) cyclic bending test.

It has been reported that a semiconducting polymer film has both bending and stretching flexibility
to some extent, and we already mentioned above that the composite film has less pliability than pristine
P3HT film. Savagatrup et al. reported that the P3HT:PCBM blend film had lower flexibility because
the blend film showed almost 70% lower crack-onset strain than that of the pristine P3HT film [30].
In addition, Kim et al. also reported that the conjugated polymer:PCBM blend films have poorer
flexibility and durability than that of the pure polymer semiconductor films under mechanical bending
situation [52]; solar cell properties of the organic devices based on the conjugated polymer:PCBM
blend films were degraded at only 150 cycles of bending test because of the crack propagation in
the blend film by the mechanical deformation. However, in the case of P3HT/EEG nanocomposite
film, the highly conductive and large-area EEG sheets act as not only an additive for improving the
electrical properties of the OFET devices but also a structural support in the composite film because
the 2D flat structure of EEG has more morphological advantages than the spherical shape of PCBM.
Therefore, the P3HT/EEG10 nanocomposite films can tolerate the durability test under 1000 cycles of
mechanical bending.

From the FOE results, we confirmed that the tensile modulus of P3HT/EEG nanocomposite films
increased since the nanocomposite with higher EEG contents (~10 phr) have a highly crystalline
structure, where the P3HT and EEG are tightly held together compared to an amorphous structure.
Moreover, the P3HT/EEG10 nanocomposite films, which showed the highest field-effect mobility,
maintained good bending flexibility and durability for the potential applications as active layers in
flexible organic devices.

4. Conclusions

We prepared and characterized the P3HT/EEG nanocomposite films with various EEG contents for
use as active channel layers in OFET devices. The OFET fabricated with the P3HT/EEG10 nanocomposite
film exhibited a nearly twice higher field-effect mobility of 0.0391 cm2

·V−1
·s−1 compared with the OFET

based on the pristine P3HT (0.027 cm2
·V−1
·s−1), and showed one order of magnitude amplification



Polymers 2020, 12, 1046 12 of 14

of the OFET on/off ratio (~104). The crystallinity and mechanical properties of the nanocomposite
films were also highly dependent on the mass ratio of EEG; as the EEG content increased from 0 to
10 phr, the crystallinity of the P3HT/EEG nanocomposite film increased. Moreover, from the FOE
results, it was confirmed that the P3HT/EEG10 nanocomposite film exhibited approximately 2.4 times
higher modulus (3.29 GPa) than that of the P3HT film (1.38 GPa), while maintaining the good bending
flexibility and durability over 10.0% of bending strain (bending radius of 1.5 cm) and bending cycles
(1000 cycles). Based on these results, we concluded that the P3HT/EEG nanocomposite films deposited
onto both rigid and flexible substrates using the solution floating method can be an excellent active
channel material for high performance and flexible organic devices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/5/1046/s1,
Figure S1: Photo images of the bended sample at fixed dL/L = 50% in the SEM chamber, Figure S2. Optical image of
aggregation of P3HT/EEG20 nanocomposite solution, Figure S3: Transfer characteristics of OFET devices based on
the P3HT/EEG10 nanocomposite film at 0 (after transfer process), 200, 400, 600, 800 and 1000 cycles of bending test.

Author Contributions: Y.K., J.U.L., and C.J.L. designed the research; Y.K., Y.J.K., and S.R. performed the
experiments, analyzed the data; Y.K., J.U.L., and C.J.L. wrote the manuscript; All authors discussed and
commented on the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Principal Research Program (SI2011-30) of the Korea Research Institute
of Chemical Technology (KRICT) and Technology Innovation Program (20006820, Development of automated
system for electrochemical exfoliation of synthetic graphite production residue and multifunctional composites)
funded by the Ministry of Trade, Industry & Energy (MOTIE, Korea).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Coropceanu, V.; Cornil, J.; da Silva Filho, D.A.; Olivier, Y.; Silbey, R.; Brédas, J.-L. Charge transport in organic
semiconductors. Chem. Rev. 2007, 107, 926–952. [CrossRef] [PubMed]

2. Yang, H.; LeFevre, S.W.; Ryu, C.Y.; Bao, Z. Solubility-driven thin film structures of regioregular poly (3-hexyl
thiophene) using volatile solvents. Appl. Phys. Lett. 2007, 90, 172116. [CrossRef]

3. Oh, J.Y.; Shin, M.; Lee, T.I.; Jang, W.S.; Lee, Y.-J.; Kim, C.S.; Kang, J.-W.; Myoung, J.-M.; Baik, H.K.; Jeong, U.
Highly bendable large-area printed bulk heterojunction film prepared by the self-seeded growth of poly
(3-hexylthiophene) nanofibrils. Macromolecules 2013, 46, 3534–3543. [CrossRef]

4. Lee, M.Y.; Hong, J.; Lee, E.K.; Yu, H.; Kim, H.; Lee, J.U.; Lee, W.; Oh, J.H. Highly flexible organic nanofiber
phototransistors fabricated on a textile composite for wearable photosensors. Adv. Funct. Mater. 2016, 26,
1445–1453. [CrossRef]

5. Wu, Y.; Liu, P.; Ong, B.S.; Srikumar, T.; Zhao, N.; Botton, G.; Zhu, S. Controlled orientation of liquid-crystalline
polythiophene semiconductors for high-performance organic thin-film transistors. Appl. Phys. Lett. 2005, 86,
142102. [CrossRef]

6. Lei, Y.; Deng, P.; Zhang, Q.; Xiong, Z.; Li, Q.; Mai, J.; Lu, X.; Zhu, X.; Ong, B.S. Hydrocarbons-driven
crystallization of polymer semiconductors for low-temperature fabrication of high-performance organic
field-effect transistors. Adv. Funct. Mater. 2018, 28, 1706372. [CrossRef]

7. Wang, G.-J.N.; Molina-Lopez, F.; Zhang, H.; Xu, J.; Wu, H.-C.; Lopez, J.; Shaw, L.; Mun, J.; Zhang, Q.; Wang, S.
Nonhalogenated solvent processable and printable high-performance polymer semiconductor enabled by
isomeric nonconjugated flexible linkers. Macromolecules 2018, 51, 4976–4985. [CrossRef]

8. Fan, X.; Wang, J.; Wang, H.; Liu, X.; Wang, H. Bendable ITO-free organic solar cells with highly conductive
and flexible PEDOT: PSS electrodes on plastic substrates. ACS Appl. Mater. Interfaces 2015, 7, 16287–16295.
[CrossRef]

9. Lipomi, D.J.; Tee, B.C.K.; Vosgueritchian, M.; Bao, Z. Stretchable organic solar cells. Adv. Mater. 2011, 23,
1771–1775. [CrossRef]

10. Kim, H.M.; Kang, H.W.; Hwang, D.K.; Lim, H.S.; Ju, B.K.; Lim, J.A. Metal–insulator–semiconductor coaxial
microfibers based on self-organization of organic semiconductor: Polymer blend for weavable, fibriform
organic field-effect transistors. Adv. Funct. Mater. 2016, 26, 2706–2714. [CrossRef]

11. Kim, W.; Kwon, S.; Lee, S.-M.; Kim, J.Y.; Han, Y.; Kim, E.; Choi, K.C.; Park, S.; Park, B.-C. Soft fabric-based
flexible organic light-emitting diodes. Org. Electron. 2013, 14, 3007–3013. [CrossRef]

http://www.mdpi.com/2073-4360/12/5/1046/s1
http://dx.doi.org/10.1021/cr050140x
http://www.ncbi.nlm.nih.gov/pubmed/17378615
http://dx.doi.org/10.1063/1.2734387
http://dx.doi.org/10.1021/ma4003165
http://dx.doi.org/10.1002/adfm.201503230
http://dx.doi.org/10.1063/1.1894597
http://dx.doi.org/10.1002/adfm.201706372
http://dx.doi.org/10.1021/acs.macromol.8b00971
http://dx.doi.org/10.1021/acsami.5b02830
http://dx.doi.org/10.1002/adma.201004426
http://dx.doi.org/10.1002/adfm.201504972
http://dx.doi.org/10.1016/j.orgel.2013.09.001


Polymers 2020, 12, 1046 13 of 14

12. Song, M.; Seo, J.; Kim, H.; Kim, Y. Flexible thermal sensors based on organic field-effect transistors with
polymeric channel/gate-insulating and light-blocking layers. ACS Omega 2017, 2, 4065–4070. [CrossRef]
[PubMed]

13. Reese, C.; Roberts, M.; Ling, M.-M.; Bao, Z. Organic thin film transistors. Mater. Today 2004, 7, 20–27. [CrossRef]
14. Ling, H.; Liu, S.; Zheng, Z.; Yan, F. Organic flexible electronics. Small Methods 2018, 2, 1800070. [CrossRef]
15. Lim, B.; Long, D.X.; Han, S.-Y.; Nah, Y.-C.; Noh, Y.-Y. Well-defined alternative polymer semiconductor using

large size regioregular building blocks as monomers: Electrical and electrochemical properties. J. Mater.
Chem. C 2018, 6, 5662–5670. [CrossRef]

16. Lee, J.; Kang, S.H.; Lee, S.M.; Lee, K.C.; Yang, H.; Cho, Y.; Han, D.; Li, Y.; Lee, B.H.; Yang, C. An ultrahigh
mobility in isomorphic fluorobenzo [c][1, 2, 5] thiadiazole-based polymers. Angew. Chem. 2018, 130,
13817–13822. [CrossRef]

17. Liu, S.; Mannsfeld, S.C.; LeMieux, M.C.; Lee, H.W.; Bao, Z. Organic semiconductor-carbon nanotube bundle
bilayer field effect transistors with enhanced mobilities and high on/off ratios. Appl. Phys. Lett. 2008, 92, 34.
[CrossRef]

18. Novoselov, K.S.; Geim, A.K.; Morozov, S.; Jiang, D.; Katsnelson, M.I.; Grigorieva, I.; Dubonos, S.; Firsov, A.A.
Two-dimensional gas of massless Dirac fermions in graphene. Nature 2005, 438, 197–200. [CrossRef]

19. Park, S.; Ruoff, R.S. Chemical methods for the production of graphenes. Nat. Nanotechnol. 2009, 4, 217.
[CrossRef]

20. Geng, J.; Kong, B.S.; Yang, S.B.; Youn, S.C.; Park, S.; Joo, T.; Jung, H.T. Effect of SWNT defects on the electron
transfer properties in P3HT/SWNT hybrid materials. Adv. Funct. Mater. 2008, 18, 2659–2665. [CrossRef]

21. Huang, J.; Hines, D.R.; Jung, B.J.; Bronsgeest, M.S.; Tunnell, A.; Ballarotto, V.; Katz, H.E.; Fuhrer, M.S.;
Williams, E.D.; Cumings, J. Polymeric semiconductor/graphene hybrid field-effect transistors. Org. Electron.
2011, 12, 1471–1476. [CrossRef]

22. Yoon, K.H.; Lee, Y.S. Effects of multi-walled carbon nanotube and flow types on the electrical conductivity of
polycarbonate/carbon nanotube nanocomposites. Carbon Lett. 2019, 29, 57–63.

23. Gnidakouong, J.R.N.; Gao, X.; Kafy, A.; Kim, J.; Kim, J.-H. Fabrication and electrical properties of regenerated
cellulose-loaded exfoliated graphene nanoplatelet composites. Carbon Lett. 2019, 29, 115–122.

24. Kwon, Y.J.; Kwon, Y.; Park, H.S.; Lee, J.U. Mass-produced electrochemically exfoliated graphene for ultrahigh
thermally conductive paper using a multimetal electrode system. Adv. Mater. Interfaces 2019, 6, 1900095.
[CrossRef]

25. Vu, D.-L.; Kwon, Y.J.; Lee, S.C.; Lee, J.U.; Lee, J.-W. Exfoliated graphene nanosheets as high-power anodes for
lithium-ion batteries. Carbon Lett. 2019, 29, 81–87.

26. Kim, Y.-J.; Park, K.; Jung, H.-T.; Ahn, C.W.; Jeon, H.-J. Effects of solution annealing on the crystallinity and
growth of conjugated polymer nanowires on a water substrate. Cryst. Growth Des. 2018, 18, 1261–1266.
[CrossRef]

27. Kim, Y.J.; Jung, H.T.; Ahn, C.W.; Jeon, H.J. Simultaneously induced self-assembly of poly
(3-hexylthiophene)(P3HT) nanowires and thin-film fabrication via solution-floating method on a water
substrate. Adv. Mater. Interfaces 2017, 4, 1700342. [CrossRef]

28. Sirringhaus, H.; Tessler, N.; Friend, R.H. Integrated optoelectronic devices based on conjugated polymers.
Science 1998, 280, 1741–1744. [CrossRef]

29. McCulloch, I.; Heeney, M.; Bailey, C.; Genevicius, K.; MacDonald, I.; Shkunov, M.; Sparrowe, D.; Tierney, S.;
Wagner, R.; Zhang, W. Liquid-crystalline semiconducting polymers with high charge-carrier mobility.
Nat. Mater. 2006, 5, 328–333. [CrossRef]

30. Savagatrup, S.; Makaram, A.S.; Burke, D.J.; Lipomi, D.J. Mechanical properties of conjugated polymers and
polymer-fullerene composites as a function of molecular structure. Adv. Funct. Mater. 2014, 24, 1169–1181.
[CrossRef]

31. Chung, J.Y.; Nolte, A.J.; Stafford, C.M. Surface wrinkling: A versatile platform for measuring thin-film
properties. Adv. Mater. 2011, 23, 349–368. [CrossRef] [PubMed]

32. Park, M.; Park, J.-S.; Han, I.K.; Oh, J.Y. High-performance flexible and air-stable perovskite solar cells with a large
active area based on poly (3-hexylthiophene) nanofibrils. J. Mater. Chem. A 2016, 4, 11307–11316. [CrossRef]

33. Georgakilas, V.; Otyepka, M.; Bourlinos, A.B.; Chandra, V.; Kim, N.; Kemp, K.C.; Hobza, P.; Zboril, R.;
Kim, K.S. Functionalization of graphene: Covalent and non-covalent approaches, derivatives and applications.
Chem. Rev. 2012, 112, 6156–6214. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/acsomega.7b00494
http://www.ncbi.nlm.nih.gov/pubmed/31457707
http://dx.doi.org/10.1016/S1369-7021(04)00398-0
http://dx.doi.org/10.1002/smtd.201800070
http://dx.doi.org/10.1039/C8TC00874D
http://dx.doi.org/10.1002/ange.201808098
http://dx.doi.org/10.1063/1.2841033
http://dx.doi.org/10.1038/nature04233
http://dx.doi.org/10.1038/nnano.2009.58
http://dx.doi.org/10.1002/adfm.200800496
http://dx.doi.org/10.1016/j.orgel.2011.05.021
http://dx.doi.org/10.1002/admi.201900095
http://dx.doi.org/10.1021/acs.cgd.7b01378
http://dx.doi.org/10.1002/admi.201700342
http://dx.doi.org/10.1126/science.280.5370.1741
http://dx.doi.org/10.1038/nmat1612
http://dx.doi.org/10.1002/adfm.201302646
http://dx.doi.org/10.1002/adma.201001759
http://www.ncbi.nlm.nih.gov/pubmed/20814918
http://dx.doi.org/10.1039/C6TA03164A
http://dx.doi.org/10.1021/cr3000412
http://www.ncbi.nlm.nih.gov/pubmed/23009634


Polymers 2020, 12, 1046 14 of 14

34. Dreyer, D.R.; Park, S.; Bielawski, C.W.; Ruoff, R.S. The chemistry of graphene oxide. Chem. Soc. Rev. 2010, 39,
228–240. [CrossRef] [PubMed]

35. Tiwari, S.; Singh, A.K.; Prakash, R. Poly (3-hexylthiophene)(P3HT)/graphene nanocomposite material based
organic field effect transistor with enhanced mobility. J. Nanosci. Nanotechnol. 2014, 14, 2823–2828. [CrossRef]

36. Yadav, A.; Upadhyaya, A.; Gupta, S.K.; Verma, A.S.; Negi, C.M.S. Poly-(3-hexylthiophene)/graphene
composite based organic photodetectors: The influence of graphene insertion. Thin Solid Film. 2019, 675,
128–135. [CrossRef]

37. Zheng, F.; Yang, X.-Y.; Bi, P.-Q.; Niu, M.-S.; Lv, C.-K.; Feng, L.; Qin, W.; Wang, Y.-Z.; Hao, X.-T.; Ghiggino, K.P.
Poly (3-hexylthiophene) coated graphene oxide for improved performance of bulk heterojunction polymer
solar cells. Org. Electron. 2017, 44, 149–158. [CrossRef]

38. Rodriquez, D.; Kim, J.-H.; Root, S.E.; Fei, Z.; Boufflet, P.; Heeney, M.; Kim, T.-S.; Lipomi, D.J. Comparison
of methods for determining the mechanical properties of semiconducting polymer films for stretchable
electronics. ACS Appl. Mater. Interfaces 2017, 9, 8855–8862. [CrossRef]

39. Pandey, R.K.; Sahu, P.K.; Singh, M.K.; Prakash, R. Fast grown self-assembled polythiophene/graphene oxide
nanocomposite thin films at air–liquid interface with high mobility used in polymer thin film transistors.
J. Mater. Chem. C 2018, 6, 9981–9989.

40. Chen, Y.-H.; Huang, P.-T.; Lin, K.-C.; Huang, Y.-J.; Chen, C.-T. Stabilization of poly (3-hexylthiophene)/PCBM
morphology by hydroxyl group end-functionalized P3HT and its application to polymer solar cells.
Org. Electron. 2012, 13, 283–289. [CrossRef]

41. Aïssa, B.; Nedil, M.; Kroeger, J.; Ali, A.; Isaifan, R.J.; Essehli, R.; Mahmoud, K.A. Graphene nanoplatelet
doping of P3HT: PCBM photoactive layer of bulk heterojunction organic solar cells for enhancing performance.
Nanotechnology 2018, 29, 105405. [CrossRef] [PubMed]

42. Rodriquez, D.; Savagatrup, S.; Valle, E.; Proctor, C.M.; McDowell, C.; Bazan, G.C.; Nguyen, T.-Q.; Lipomi, D.J.
Mechanical properties of solution-processed small-molecule semiconductor films. ACS Appl. Mater. Interfaces
2016, 8, 11649–11657. [CrossRef] [PubMed]

43. Liscio, A.; Veronese, G.P.; Treossi, E.; Suriano, F.; Rossella, F.; Bellani, V.; Rizzoli, R.; Samorì, P.; Palermo, V.
Charge transport in graphene–polythiophene blends as studied by Kelvin Probe Force Microscopy and
transistor characterization. J. Mater. Chem. 2011, 21, 2924–2931. [CrossRef]

44. Root, S.E.; Savagatrup, S.; Printz, A.D.; Rodriquez, D.; Lipomi, D.J. Mechanical properties of organic
semiconductors for stretchable, highly flexible, and mechanically robust electronics. Chem. Rev. 2017, 117,
6467–6499. [CrossRef]

45. Stafford, C.M.; Harrison, C.; Beers, K.L.; Karim, A.; Amis, E.J.; VanLandingham, M.R.; Kim, H.-C.; Volksen, W.;
Miller, R.D.; Simonyi, E.E. A buckling-based metrology for measuring the elastic moduli of polymeric thin
films. Nat. Mater. 2004, 3, 545–550. [CrossRef]

46. Bowden, N.; Brittain, S.; Evans, A.G.; Hutchinson, J.W.; Whitesides, G.M. Spontaneous formation of ordered
structures in thin films of metals supported on an elastomeric polymer. Nature 1998, 393, 146–149. [CrossRef]

47. Bowden, N.; Huck, W.T.; Paul, K.E.; Whitesides, G.M. The controlled formation of ordered, sinusoidal
structures by plasma oxidation of an elastomeric polymer. Appl. Phys. Lett. 1999, 75, 2557–2559. [CrossRef]

48. Tahk, D.; Lee, H.H.; Khang, D.-Y. Elastic moduli of organic electronic materials by the buckling method.
Macromolecules 2009, 42, 7079–7083. [CrossRef]

49. Lipomi, D.J.; Chong, H.; Vosgueritchian, M.; Mei, J.; Bao, Z. Toward mechanically robust and intrinsically
stretchable organic solar cells: Evolution of photovoltaic properties with tensile strain. Sol. Energy Mater. Sol.
Cells 2012, 107, 355–365. [CrossRef]

50. Park, S.I.; Ahn, J.H.; Feng, X.; Wang, S.; Huang, Y.; Rogers, J.A. Theoretical and experimental studies of bending
of inorganic electronic materials on plastic substrates. Adv. Funct. Mater. 2008, 18, 2673–2684. [CrossRef]

51. O‘Connor, T.F.; Zaretski, A.V.; Shiravi, B.A.; Savagatrup, S.; Printz, A.D.; Diaz, M.I.; Lipomi, D.J. Stretching and
conformal bonding of organic solar cells to hemispherical surfaces. Energy Environ. Sci. 2014, 7, 370–378. [CrossRef]

52. Kim, T.; Kim, J.-H.; Kang, T.E.; Lee, C.; Kang, H.; Shin, M.; Wang, C.; Ma, B.; Jeong, U.; Kim, T.-S. Flexible,
highly efficient all-polymer solar cells. Nat. Commun. 2015, 6, 1–7. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/B917103G
http://www.ncbi.nlm.nih.gov/pubmed/20023850
http://dx.doi.org/10.1166/jnn.2014.8570
http://dx.doi.org/10.1016/j.tsf.2019.02.013
http://dx.doi.org/10.1016/j.orgel.2017.02.021
http://dx.doi.org/10.1021/acsami.6b16115
http://dx.doi.org/10.1016/j.orgel.2011.11.019
http://dx.doi.org/10.1088/1361-6528/aaa62d
http://www.ncbi.nlm.nih.gov/pubmed/29384727
http://dx.doi.org/10.1021/acsami.6b02603
http://www.ncbi.nlm.nih.gov/pubmed/27093193
http://dx.doi.org/10.1039/c0jm02940h
http://dx.doi.org/10.1021/acs.chemrev.7b00003
http://dx.doi.org/10.1038/nmat1175
http://dx.doi.org/10.1038/30193
http://dx.doi.org/10.1063/1.125076
http://dx.doi.org/10.1021/ma900137k
http://dx.doi.org/10.1016/j.solmat.2012.07.013
http://dx.doi.org/10.1002/adfm.200800306
http://dx.doi.org/10.1039/C3EE42898B
http://dx.doi.org/10.1038/ncomms9547
http://www.ncbi.nlm.nih.gov/pubmed/26449658
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Solution-Floating Method for Fabrication of P3HT/EEG Nanocomposite Films 
	Fabrication of OFETs based on P3HT/EEG Nanocomposite Films 
	Measurements of Mechanical Properties of Nanocomposite Films (FOE Method) 
	Characterization 

	Results and Discussion 
	Preparation and Characterization of OFET based on the P3HT/EEG Nanocomposite Films via Solution Floating Method 
	Measurement of Mechanical Properties of P3HT/EEG Nanocomposite Films via Film-on-Elastomer Methods 

	Conclusions 
	References

