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ABSTRACT: An organic—organic blend thin film has been synthesized Polyimide rapped
through the solution deposition of a triblock copolymer (Pluronic P123,
EQ,,—P0O,,—EO,,) and polystyrene (PS), which is called P123—PS for the
blend film whose precursor solution was obtained with organic additives. In
addition to having excellent insulating properties, these materials have
satisfied other stringent requirements for an optimal flexible device: low-
temperature fabrication, nontoxic, surface free of pinhole defect,
compatibility with organic semiconductors, and mechanical flexibility.
Atomic force microscope measurements revealed that the optimized
P123—PS blend film was uniform, crack-free, and highly resistant to moisture absorption on polyimide (PI) substrate. The
film was well-adhered to the flexible Au/Cr/PI substrate for device application as a stable insulator, which was likely due to the
strong molecular assembly that includes both hydrophilic and hydrophobic effects from the high molecular weights. The contact
angle measurements for the P123—PS surface indicated that the system had a good hydrophobic surface with a total surface free
energy of approximately 19.6 m] m™> The dielectric properties of P123—PS were characterized in a cross-linked metal—
insulator—metal structured device on the PI substrate by leakage current, capacitance, and dielectric constant measurements. The
P123—PS film showed an average low leakage current density value of approximately 107 A cm™ at 5—10 MV cm™" and large
capacitance of 88.2 nF cm™ at 1 MHz, and the calculated dielectric constant was 2.7. In addition, we demonstrated an organic
thin-film transistor (OTFT) device on a flexible PI substrate using the P123—PS as the gate dielectric layer and pentacene as the
channel layer. The OTFT showed good saturation mobility (0.16 cm®> V™' s7") and an on-to-off current ratio of S X 10°. The
OTFT should operate under bending conditions; therefore flexibility tests for two types of bending modes (tensile and
compressive) were also performed successfully.
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1. INTRODUCTION are widely pursued because they can be produced using many
facile synthesis methods (e.g., spin-coating, dip-coating,
printing, evaporation), they are highly compatible with a
variety of substrates, including flexible substrates, and they
present themselves the opportunity for structural modifications.
Polymer materials with low dielectric constants (low-k) are
known to decrease cross-talk noise and power dissipation, and
when they are incorporated into device systems, they can
dramatically decrease resistance-capacitance (R—C) delays.
According to the International Roadmap for Semiconductors
(ITRS) guidelines, intermetal insulating materials must have
dielectric constants of approximately 2 to effectively obtain
devices that are sized <100 nm.%"® There is currently a strong
desire in the microelectronic industry to develop advanced,
large-scale new composite polymer materials that can satisfy the
growing demand for miniaturization with high-speed perform-
ance and flexibility. The goal is to develop an OTFT that has

New organic-polymeric materials and devices have recently
been the focus of research in the field of nanoelectrotechnol-
ogy, primarily because of their resulting elastic properties
compared to the properties of the individual constituents.
These materials are widely pursued because they offer
numerous advantages for developing flexible electronics, such
as easy processing, low cost, low-temperature processing, and
easily implemented structure modifications."” The use of
various polymer materials as the dielectric layer in organic thin
film transistors (OTFTs) has become a topic of interest,
because they are produced using an inexpensive solution-phase
process that is desirable for the planned commercialization of
flexible OTETs.”> Polymer dielectrics are very attractive for
electronics applications because they exhibit good character-
istics that can often be obtained simply by spin-coating, casting,
or printing under ambient conditions.** Organic and polymer
materials have attracted considerable attention for the develop-

ment of large-area, mechanically flexible electronic devices; Received: April 9, 2012
therefore an inexpensive solution-phase processing method is Accepted:  June S, 2012
desirable for the commercialization of OTFTs. These materials Published: June S, 2012
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Scheme 1. Common Materials Used in This Work and a Schematic Representation of the Copolymer P123 and PS Precursors
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high mobility for certain semiconductor—polymer interfaces,
which could be modulated to a very large extent. To be useful
in technological applications, polymer films should have a
morphology that either remains stable within an acceptable
range of temperatures or undergoes a transformation that is
controllable and predictable. However, searchers have had little
success in developing new polymer low-k ultrathin films on
flexible substrates at room temperature. Therefore, an
investigation to determine the most suitable method for
depositing the polymer thin films is needed; this method
must consist of one or more distinct steps that can be
performed at a low temperature.

In the field of organic and large area electronics, a major goal
is the development of compatible materials sets, including
semiconductors and insulators, which enable the fabrication of
electronic circuits on flexible substrates at low cost and low
temperature. The polymer blend dielectric strategy is a general
approach to enhance the charge carrier mobility at low
temperature.” There is a correlation between the semi-
conductor—polymer interface and the nature of the dielectric
surface of chemical factors underlying such interfacial effects on
a charge transport mechanism. The goal is to demonstrate that
an OTFT with high mobility for certain semiconductor—
polymer interfaces can be modulated to a very large extent.
More recently, appropriate insulators that facilitate electron
transport for typical organic p-type semiconductors have been
used as active elements in optoelectronic devices such as
organic light emitting diodes (OLED),"° organic solar cells,"!
and OTETs."> Organic semiconductors have many advantages,
such as easy fabrication, mechanical flexibility, and low cost.
Organic semiconductors offer the ability to fabricate an
electronic device at a lower temperature and over a wide
range of various substrates, such as plastic and paper. These
materials can be processed using existing techniques that are
employed in the semiconducting industry using chemical
synthesis based dip-coating processing. This process for existing
contributors can make drastic changes via low-cost, low-
temperature processing and pervasive electronic applications
such as flexible displays and radio frequency identification
(RFID) tags.
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In this study, we present for the first time an easy-to-follow
chemical synthesis process for preparing new organic—organic
P123—PS blend thin films for use as dielectric layers at low
temperatures. This method provides a way to prevent the
problem of pinhole defects in pure ultrathin polystyrene film.
The electrical properties of the P123—PS blend thin film have
been examined for advanced flexible metal-insulator-metal
(MIM) capacitor applications. The electrical insulating proper-
ties of a flexible MIM device prepared using an organic—organic
P123—PS blend thin film as a dielectric layer included low
leakage current density and better capacitance density. In
addition, the solution-processed blend films acted as a gate
dielectric for the fabrication of pentacene OTFT devices on
flexible polyimide (PI) substrate, making them suitable
candidates for use in future flexible devices as a stable gate
dielectrics. We also tested the functionality of our OTFT device
under tensile and compressive bending modes without any
deterioration and sterile loss in its electrical performance. These
new polymer blend dielectric materials have good stability
when they are used in electronic devices as composite dielectric
layers and give excellent results compared to other polymer
dielectric materials.

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. Pluronic P123 triblock copolymer,
HO(CH,CH,0),,(CH,CH(CH,)0),,(CH,CH,0),,H, (abbreviated
P123 or EO,PO,EO,, MW = 5800, BASF Corporation), is a
difunctional block copolymer surfactant that is terminated with
primary hydroxyl groups and a nonionic surfactant that is 100% active
and relatively nontoxic. Polystyrene ((CgHg),, My = 54 000, Aldrich)
or P123 was prepared in the solvents of chloroform (CHCl;, 98%,
Aldrich) and toluene (C¢H;CH,, Tedia Co. Inc.). Deionized water
(DI water) was purified with filters and reverse osmosis, and deionized
until the resistance was greater than 18 MQ cm™". The DI water was
used for cleaning, washing, and as a solvent. Chromium shots (Cr,
99.999%, Admat Inc.) 3—5 mm in size, aluminum shots (Al, 99.999%,
Admat Inc.) 3—5 mm in size, and gold shots (Au, 99.999%, Admat
Inc.) 1-2 mm in size, were purchased from Gredmann Taiwan Ltd.
The organic semiconductor material pentacene (C,,H,,) was
purchased from Seedchem Pty Ltd. (Electronic grade). DuPont
Kapton Polyimide film, 38 ym in thickness and from the PV9100
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series, was used as substrate to fabricate the device. All of the reagents
were used without the further purification. Note that all of the
experiments were performed in air or in a standard fume hood.

2.2, Preparation of the P123—PS Thin Film and Fabrication
of the MIM and OTFT Devices. Scheme 1 presents the common
synthesis method for preparing the P123—PS thin-film. In a typical
synthesis experiment, polystyrene (4.5 g) was added to a mixture of
P123 (1.5 g), toluene (15.2 mL), and chloroform (1.5 g) under static
conditions. The reaction mixture is then stirred for 12 h using a
magnetic stirrer at room temperature. After P123 and PS were
completely dissolved in the toluene and chloroform, the solution was
used to prepare the P123—PS composite thin film. The mixed solution
was then applied by dip-coating onto a flexible PI substrate in two
steps. First, the PI pasted onto glass substrate is immersed into the
mixed solution for 5—10 s and then withdrawn. Second, the substrate
was cured in a vacuum oven at 100 °C for 10 min. Then, further
characterizations and applications in flexible electronic devices (MIM
and OTFT) are investigated.

A DuPont Kapton plastic PI substrate with a thickness of 38 ym was
used as the flexible substrate for fabricating the MIM capacitor and
OTFT devices. The PI substrate was ultrasonically cleaned using
ethanol (Fluka; water content: < 0.1%) for 30 min and then rinsed
with DI water. A high-pressure stream of N, gas was then used to
remove the water and any remaining particles from the PI surface.
After being cleaned, the PI substrate was annealed at 200 °C for 1 h
under vacuum to achieve relative thermal stability and to enhance the
adhesion strength. Next, Cr (20 nm thick) and Au (80 nm thick) were
sequentially deposited onto the PI substrate using a thermal coater.
The Cr layer was used as the adhesion layer between the PI substrate
and the Au thin film. Au was deposited as a gate electrode over the Cr
layer on the PI substrate. Finally, the P123—PS film, which functioned
as the dielectric layer, was deposited using the process described in the
previous section, which consisted of immersing the sample strip into
the solution and then curing it in a vacuum oven at 100 °C for 10 min.
At the end of the experiments, Al films with a thickness of 300 nm
were pattered as the top electrode using a shadow mask and a thermal
coater. The electrical insulating properties of the P123—PS blend film
have been optimized for OTFT on the PI substrate, which makes them
suitable candidates for use as a stable intermetal dielectric in advanced
flexible electronic devices. Cr and Au, which had thickness of 20 and
80 nm, respectively, were sequentially deposited through a shadow
mask using a thermal coater to function as gate electrodes. Then, the
P123—PS film was deposited using the solution dip-coating process as
described in the previous section to function as an insulator layer.
Pentacene film was then deposited as a channel layer using a thermal
evaporator with the substrate temperature maintained at room
temperature. Finally, source (S) and drain (D) Au electrodes with a
thickness of 100 nm were deposited onto the pentacene/P123—PS/
Au/Cr/PI through a shadow mask, which yielded the top-contact
electrode OTFTs. The channel length (L) and width (W) were 70 and
1500 pm, respectively.

2.3. Thin-Film Characterizations and Electrical Measure-
ments. The surface morphology of the blend film that coated the PI
substrate was evaluated using atomic force microscopy (AFM, Digital
Instruments Nanoscope, D—5000) with a scan size of 2 ym X 2 ym
and a scan rate of 1 Hz. We used ellipsometery techniques to measure
the thickness of the thin film. The FT—IR spectrum was recorded with
the samples in KBr pellets (2 mg per 300 mg KBr) on an FT-IR
spectrometer (model 580, Perkin-Elmer) with a resolution of 4.00
cm™". An infrared spectrum was recorded in the range of 500—4000
cm™ to determine the functional groups in the molecular structure.
The FT—IR measurement was performed at room temperature. The
water contact angle on the film surface was measured using a
commercial contact angle meter. Deionized water was used as the
water source during the contact angle experiment. The contact angles
were measured after the drop made contact with the film surface
during testing of the flexible PI substrate. The XRD pattern for the
organic pentacene film was recorded using a Rigaku D/max—IIIB
diffractometer with Cu K, radiation (4 = 1.5406 A). The leakage
currents and capacitances in the MIM structured device with the blend
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film were measured using an Agilent—4156 probe station and an HP—
4284A capacitance—voltage analyzer, respectively. The output and
transfer characteristics of the OTFT were measured using an Agilent—
4156 probe station under ambient conditions.

We examined two additional properties of our OTFT on the PI
substrate to explore its feasibility for use in practical applications. We
estimated the mechanical strain on the electrical properties during the
flexibility test, which includes tensile and compressive strains for
minimum radii of curvature (R, =1.5 cm). Before the manufacturing
process, a piece of foil was used as a support substrate to provide the
specific bending conditions for the convex and concave settings for a
radii of curvature of 1.5 cm, (shown elsewhere in this text). We also
calculated the maximum strain at which the OTFT device can be bent
to a radius of curvature of 1.5 cm without any degradation loss.

3. RESULTS AND DISCUSSION

3.1. P123-PS film Surface Roughness and FT-IR
Analysis. When a new cross-linked polymeric dielectric film is
fabricated on a flexible substrate, it is necessary to optimize the
nature of the film surface. AFM data provide important
information about the surface roughness for initial material
evaluation. It is well-known that pure PS films with a thickness
less than 100 nm suffer from pinhole defects, as reported
previously.>™* In our experiment, we also observed the
pinhole defects in the polystyrene film with a thickness of
approximately 20 nm, as shown in Figure S1 in the Supporting
Information. However, this problem was prevented when we
used P123 and PS mixed with organic additives, and the P123—
PS blend film was successfully deposited without any pinhole
defects. The thickness of the film was 28 nm, as estimated using
ellipsometery techniques. The surface morphology of the
P123—PS film was investigated using AFM with a scan size of 2
pum X 2 ym, as shown in Figure la. For the AFM image, the
sample was prepared using a dip-coating process onto a flexible
PI substrate. The surface morphology of the P123—PS film
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Figure 1. (a) AFM image and (b) FT—IR spectrum of the P123—PS
thin film (cured at 100 °C) coated onto a flexible PI substrate.
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deposited onto the flexible PI is uniform, and a crack-free
surface has been produced, which is clearly observed in the
image. The average root-mean square (R,,) roughness
evaluated from the P123—PS AFM image was approximately
0.86 nm. In the case, the possible reason for the better surface
roughness in P123—PS may be the presence of P123. It is
believed that during the in situ deposition of the matrix
composite, P123 functions as a uniform structure-directing
agent.lé In a ternary system, the P123 block copolymer
facilitates the deposition of a uniform film through organic—
organic cooperative assembly. It is well know that, in a ternary
copolymer-selective solvent system, block copolymers can self-
assemble into a variety of lyotropic liquid crystals micro-
structures that consist of lamellar, cubic or hexagonal
structures.'®'” After analyzing the surface morphology of the
polymer blend film, we confirmed that the deposited P123—PS
film was crack-free, uniform, and well-adhered to the surface of
the PI substrate.

From a physical perspective, the major differences arise from
the rather weak intermolecular forces that bind the molecules
together in sm—conjugated organic solid and the chains in
polymer compounds. The addition of pluronic P123 resulted in
an association of the surfactant molecules with the PS micelles
and mixed micelles are formed. The size and structure of the
mixed micelles and the interparticle interactions were studied
by varying the surfactant-to-copolymer (P123/PS) molar ratio.
The novelty of this study lies in the composition-induced
structural change of the mixed micelles with aging at constant
temperature. The current mechanism is only a theoretical
assumption and is not confirmed by any experimental analyses.
When the solution is used to deposit the film, the film gradually
changes to a stable polymer-blend film during in situ growth,
and is self-organized for further characterizations and device
applications.

To gain more insight about the functional groups, FT—IR
spectroscopy was used to examine the functional groups of the
polymer blend P123—PS thin film surface. The IR absorption
spectrum of the organic P123—PS blend thin film after
calcining at 100 °C is presented in Figure 1b. The spectra for
the P123—PS films that were deposited with an organic additive
thin film have a sharper spectral profile, which indicates that
these films have a less disordered structure. As shown in Figure
1b, a sharp peak resulting from the benzene functionalized PS
stretching mode appears at 720, 758, 1385, and 1452 cm™ in
the absorption spectrum. The two peaks at 2929 and 3030
cm™" are due to the methylene group in PS. The bands between
2877 and 2960 cm ™! are believed to be due to CH;, CH,, and
CH stretching, which can be detected from the P123
copolymer, whereas the sharp peak at 1170 cm™ for the C—
O—C bending mode likely resulted from the P123. It is difficult
to determine the origin of the 1720, 1735, and 1780 cm™!
peaks, which appeared from C=O group of the organic PI
surface. The peaks at 1496 and 1600 cm ™, which resulted from
stretching mode of the C=C in the ring for PS or the PI
surface, can also be detected. The IR spectrum of our P123—PS
blend thin film coating the PI substrate is more consistent for
PS and P123 separately over silicon for the functional group,
which reported previously.'®'” From the FT—IR spectrum, it
could be concluded that toluene and chloroform were
successfully removed when the sample was calcined at 100
°C. Finally, we concluded from the results that the sample
consisted of PS, P123, and a trace amount of contaminating
carbon; no other impurities (e.g, chloride and organic ions)
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were present on the film surface. Moreover, The IR absorption
spectrum of the organic P123—PS blend thin film without any
curing process is also depicted in Figure S2 in the Supporting
Information The spectrum for the P123—PS film deposited
with an organic additive thin film did not show a sharper
spectral profile such as observed for the P123—PS film that was
cured at 100 °C. Therefore, it could be expected that the
P123—PS film without temperature curing has a disordered
structure due to the presence of organic impurities.

3.2. Contact Angle and Surface Energy Measurements
of the P123—PS Film. We combine an experimental and
theoretical study to characterize the aggregation steps at the
surface of the P123—PS blend film. This blend surface
produced using the P123 copolymer and PS is of great interest
in its own right. DI water, ethylene glycol and diiodomethane
contact angle measurements were conducted to investigate the
surface free energy of the P123—PS blend surface. The contact
angle of a sessile drop on the P123—PS layer was directly
measured by aligning a tangent for 5—10 min with the drop
profile at the point of contact with the surface. The total surface
energy is another quantifiable characteristic that affects pattern
formation, from which the detailed energy contributions from
the polymeric polar and apolar terms can be individually
extracted.”® The surface tension (y;) of phase i can be expressed

as
y = K_Lw + yiAB _ K_Lw +2 /yi+}/i_ )

where 7"V and 7P represent the dispersion (apolar) and polar
terms of the surface tension, respectively, and y;" and y; ~ are
the electron acceptor and electron donor parameters,
respectively, for the polar component. The following contact
angle equilibrium, based on the Young—Dupre equation, was
formulated by Van Oss et al*' to describe the interfacial
tension between the liquid (L) and the polymer surface (S)

(1+ cos Oy, =2(r"™ + i +J6n) )

where 0, is the contact angle determined using three different
liquids with known values of "%, y,*, and 7.7 e.g, water
(21.8, 25.5, and 25.5 mJ m™?, respectively), ethylene glycol (29,
1.92, and 47 mJ m™?, respectively), and diiodomethane (50.8, 0,
and 0 mJ] m™2 respectively). A three-liquid procedure was
proposed to measure the surface tension and its three
components of any solid surface. The contact angles of water,
ethylene glycol and diiodomethane were measured immediately
following the treatment. For the P123—PS polymer blend film,
the contact angles of water, ethylene glycol, and diiodomethane
were 92, 98, and 86°, respectively, and are shown in Figure 2a.
A schematic representation of the surface tension of P123—PS
surface over PI is depicted in Figure 2b. Thus, the calculated
values of the surface tensions ys, 7s™", 75", and ys~ for the
P123—-PS film were 19.6, 14.5, 0.39, and 164 m] m™2
respectively. The total surface energy for P123—PS is
comparable to the total surface energy for a pure PS surface,
ie, 19.13 mJ] m 2> The improvement of the stable
hydrophobic surface due to the incorporation of P123 is the
main reason for the suppression of the lowest surface energy in
the blend surface.

A possible mechanism for the formation of the hydrophobic
surface from the aggregation of P123 and PS into the organic
additive is shown in Figure 2c. The hydrophobic assembly
nature of P123-PS suggests that this new polymer blend film
could potentially be used for screening excellent hydrophobic

dx.doi.org/10.1021/am3006143 | ACS Appl. Mater. Interfaces 2012, 4, 3261-3269



ACS Applied Materials & Interfaces

Research Article

(a) 120
100

-]
o

Surface

Tension
60
40 mws |
Surface: & .-

Contact angle {degree)

5]
=]

Water  Ethylene glycol Dilodomethane

Pluronic P123 Polystyrene

Hydrophobic
I A

(¢) _r“‘(;*

Hydrbphilic

" \
Hydrophobic Hydrophobic

u
Hydrophilic

Figure 2. (a) Contact angle measurements for water, ethylene glycol
and diiodomethane with the drop images at the point of contact on the
P123—PS surface; (b) schematic representation of surface tension of
P123—PS surface over PI; (c) possible mechanism for the formation of
a hydrophobic surface from the aggregation of P123 and PS into the
organic additive.

surface mutants and for isolating of hydrophobic bacteria from
nature. In addition, in OTFTs, the surface of the dielectric layer
is important for effective performance because it allows for a
conducting channel in the interface between the dielectric layer
and the semiconductors. The surface energy of the dielectric
layer enables the vertical growth of pentacene molecules, and
the holes could easily be moved in the vertical direction of the
pentacene molecules; these vertical pentacene alignments
enhance mobility in OTFTs.>®

3.3. Electrical Measurements of the MIM Capacitor
Device. A capacitor (formerly known as condenser) is a
passive two-terminal electrical component used to store energy

in an electric field. The forms of practical capacitors vary
widely, but all contain at least two electrical conductors that are
separated by a dielectric (insulator). When there is a potential
difference (voltage) across the conductors, a static electric field
develops across the dielectric, thereby causing a positive charge
to collect on one plate and a negative charge on the other plate.
In practice, the dielectric between the plates passes a small
amount of leakage current and has an electric field strength
limit, resulting in a breakdown field. Electrical characterizations
were performed to investigate the electrical insulation proper-
ties of the polymer blend film. Leakage current density-electric
field (J—E) measurements were performed on the P123—PS
blend thin film in a MIM structured device, as shown Figure 3a
and the sample-image in Figure 3b to determine the leakage
current characteristics and dielectric breakdown field. The J—E
response is also used to determine the available range for high-
quality capacitance density—voltage (C—V) measurements.
First, we measured the insulator properties for the PS film, as
shown in Figure S3 in the Supporting Information. Note that
the device performance was poor because the leakage current
was very high (~1 X 107* A cm™?) and the breakdown field was
very low (<1 MV cm™) because the film was affected by
pinhole defects. However, the insulating properties were
enhanced for the P123—PS film because this film was free of
pinhole defects. Panels ¢ and d in Figure 3 show typical J—E
and C—V plots for the MIM configurations fabricated using the
P123—PS blend thin-film as an insulator layer. As observed in
Figure 3c, the average low leakage current density value of the
P123—PS film was estimated to be approximately 1 X 107'° A
cm™2 at an applied electric field between S—10 MV cm™. The
probe was moved to three different points in a random order
on the P123—PS based MIM capacitor and exhibited leakage
current values that were higher or lower than the average
leakage current value and a good breakdown limit of the film.
We examined the leakage current at three different points to
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Figure 3. (a) Schematic view of the P123—PS blend thin film-based MIM capacitor; (b) photograph of a flexible MIM capacitors on area of 5 X S
cm” on flexible PI substrate showing the sample bent by hand; (c) J—E and (d) C—V plots for MIM structured device fabricated using the P123—PS

blend thin film as a gate insulator layer.
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Table 1. Comparison of the Electrical Properties of Various Low-k Dielectric Materials”

ref material film thickness (nm) rms roughness (nm) dielectric constant leakage current density (A cm™) substrate
this work P123—PS 28 0.86 2.7 ~1 X 1071 polyimide
24 PMMA 100 0.52 3.5 ~1x 1077 glass
25 PVP 133 6 64 ~1 %1078 silicon
28 PS 122 2 2.6 ~1x 1077 silicon
25 CPVP-C, 18—20 2-8 6.1-6.5 1X107to1x 107 silicon
25 CPS-C, 10-13 1-10 2.5-3.0 1x10%t01x107° silicon
4 PAA 330 4 4.9 ~1x107% ITO glass
25 Si0, 300 2 39 1x107to1x 1071 silicon
26 ALO, 120 8.6 1x108%¢t01x107° silicon

“n=0,2, 6, and a = calculated dielectric constant.
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Figure 4. (a) AFM image, (b) XRD pattern from the pentacene film deposited on the P123—PS film over Au/Cr/PI substrate, and (c) schematic
representations of the orbital energies and the corresponding symmetries of the molecular orbitals of a pentacene molecule in the HOMO—-LUMO

states obtained from density-functional theory calculations.

determine the breakdown limit and the insulating quality of our
film. The breakdown field for the P123—PS blend film was
approximately 8.5 MV cm™'. On the basis of this result, we
concluded that the film is of very high quality and exhibited
extremely good insulating properties.

Figure 3d displays a characteristic C—V plot for P123—PS. As
shown in Figure 3d, the capacitance of the P123—PS blend film
atthree different frequencies of 10 kHz, 100 kHz and 1 MHz
are 88.12, 88.18, and 88.24 nF cm™?, respectively. The J—E and
C—V results demonstrated that the blend film generated using
P123 and PS dissolved in organic solvents exhibit superior
insulating properties compared to the corresponding neat
polymers and many other previously reported materials (Table
1).424-26

Furthermore, according to the capacitance and thickness
data, we evaluated the k—value of the P123—PS blend film

using the following equation®’
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C _ = — =
P123-PS A d (3)

C ke

where k is the dielectric constant of insulator, &£, ~ 8.85 X 1072
F m™" and is the permittivity of vacuum, A is the area of the
capacitor, and d is the thickness of the insulator layer. The
average k—value of the P123—PS film is approximately 2.7,
which was estimated from the average value of three point
measurements for Cpj;_ps that was approximately 88.2 nF
cm™2 This calculated low-k value is consistent with other
polymer gate dielectrics, which are listed in Table 1. The
obtained results indicate that the P123—PS blend polymer is a
good potential candidate to replace SiO, or other low-k
intermetal dielectric materials and that it could be an ideal
alternative for flexible devices. Furthermore, flexible capacitors
developed using this blend polymer could be widely used in
electronic circuits for blocking direct current while allowing
alternating current to pass, such as in filter networks to smooth
the output of power supplies in resonant circuits that tune
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Figure S. (a) Schematic representation of the OTFT device that features P123—PS as a gate insulator and pentacene as a semiconductor layer; (b)
photograph of the OTFT devices on a $ X § cm” area on flexible PI substrate and plots for the OTFT; (c) output characteristic (Ins—Vps), where
Vs ranges from 0 to —5.0 at —1 V step, and (d) transfer characteristic (Ins—Vgs), when V= —2 V.

radios to particular frequencies and in many other applications.
These blend film-based capacitors have been proposed to be
excellent general-purpose plastic film capacitors, which are ideal
for low-power RF and precision analog applications.

3.4. Pentacene: Model for Ordered Organic Semi-
conductors. The high-quality interface between an insulator
and semiconductor layers dramatically impacts semiconductor
devices for practical applications with respect to their operation
and use in the electric power industry. It has been suggested
that higher mobilities may be achieved by designing 7—
conjugated molecules that stack face-to-face (7—stacking) in
the close crystalline state, thereby increasing the intermolecular
interactions.”®*® Therefore, we used the typical crystal
structured planar 7-conjugated pentacene for the semi-
conductor organic layer to develop the OTFT device using
the P123—PS blend polymer as a gate insulator. Panels a and b
in Figure 4 show the AFM image and reflective XRD pattern of
a 50-nm-thick pentacene layer grown over P123—PS/Au/Cr/PI
substrate. The AFM and XRD experiments were performed to
investigate the effects of the surface properties of pentacene on
the surface morphology of the P123—PS blend film. The AFM
image of pentacene at a scale length of S ym (Inset: 2 pm)
demonstrated the crystalline quality (Figure 4 a). The R
evaluated from the AFM image of pentacene is 5.14 nm. The
AFM images of the pentacene layer over the P123—PS surface
revealed the growth of a thick, uniform, high-quality film. The
data suggest robust and almost symmetric crystalline pentacene
that also has large, densely packed, and well-interconnected
grains. The growth morphology of pentacene was similar to
those prepared on silicon and PI substrates as previously
reported.***!

The structure of the pentacene layer was elucidated from the
XRD data (Figure 4b) collected in reflection mode at 20 kV
with Cu Ka radiation (1 = 1.5406 A) with a coupled (6—26)
scans configuration. The corresponding XRD pattern contains a
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series of sharp (0 0 k) peaks, which indicates that the pentacene
film is highly ordered. The first peak at 5.3° (thin-film phase)
corresponds to a lattice parameter of 15.6 A. The XRD analysis
indicated that the pentacene films on P123—PS have a better
crystalline quality. The crystallite size was estimated from the
broadening of the diffraction peaks using the Scherrer equation:
D = 0.894/f cos 6, where D is the crystallite size, A is the
wavelength of the x—ray radiation (4 = 1.5406 A), /3 is the peak
width at half-maximum height after subtraction of the
equipment broadening, 260 = 5.3° for (101), and 0.89 is the
Scherrer constant. The estimated grain size for the pentacene
film based on the Scherrer formula applied to the broad peak at
5.3° is approximately 500 nm.

Pentacene is the material of choice for research on OTFTs
because of its good charge carrier mobility and its ability to
form a large, well-ordered crystalline structure. Pentacene
exhibits a conjugated 7-electron system, which is formed from
the p, orbitals of sp>-hybridized atoms that extends over the
entire molecule. In a single pentacene molecule, the weakest 7-
bonding results in a lower electronic excitation (z—x*
transitions). The occupied 7 level is also commonly called
highest occupied molecular orbital (HOMO), whereas the
unoccupied 7* level is referred to as lowest unoccupied
molecular orbital (LUMO). As in inorganic solid materials, the
electron levels responsible for the electrical conduction are the
ones that are closest to the Fermi level, which lies between the
HOMO and the LUMO and therefore characterize the
electronic states responsible for the conduction and the optical
properties. The band structures of the conjugated pentacene
molecules are schematically represented in Figure 4c. The
larger molecular orbitals (HOMO—LUMO) become narrow
bands (small bandwidth, @ ~ 1.1 eV) and result in for better
m—n* overlap to reduce the energy bandgap by approximately
2.3 eV.
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In general, the HOMO~-LUMO gap in pentacene is found to
be 2.7 eV. Therefore, assuming a relative molecular orientation
similar to the single-crystal phase, both of the HOMO and
LUMO bandwidths increase by a few tenths of an electron volt
with respect to the bulk phase, with a consequent reduction in
the energy band gap. This theoretical explanation suggests that
the assumed molecular arrangement is a possible candidate for
the orientation in real pentacene thin film sample, and calls for
further experimental work aimed at determining the real mutual
molecular orientation. This theoretical simulation for the
pentacene molecule is based on the excellent agreement with
a recent study,®” as far as the symmetries and the orbital
character of HOMO and LUMO are concerned. Therefore, the
strong contribution of the 2p, orbitals in the HOMO and
LUMO of pentacene is the molecular reason for the
semiconductivity behavior of pentacene. Compared to
inorganic crystals, the reduced bandwidth tends to localize
the charges. However, in the case of single crystalline
pentacene, the valence and the conduction bands are replaced
by the HOMOs and LUMO:s of the organic crystals, which are
mainly located at the molecules sites but weakly interact with
each other. Only at low temperatures and in the case of
pentacene with well-ordered, purified organic crystals can the
transport be described in terms of band transport. Therefore, in
our experiment, pentacene is a better semiconductor active
channel layer choice than other organic materials in the
development of the OTFT.

3.5. Electrical Measurements from the OTFT Device.
To demonstrate the performance of the polymeric P123—PS
blend film as a dielectric layer, we fabricated a pentacene-based
OTFT with the device geometry shown in Figure 5a; a sample
image is shown in Figure Sb. Figure Sc represents the drain
current-drain voltage (Ips—Vpg) output curve obtained from
our OTFT that use P123—PS as a dielectric layer and
pentacene as channel layer with a length (L) = 70 ym and a
channel width (W)= 1500 pm. The device demonstrated
desirable low-operating voltage p-type OTFT characteristics at
an operating voltage of —S V. The maximum saturation current
of ~6.1 X 107> A was achieved at Vg = —5 V. The observed
OTEFT characteristics both closely conformed to conventional
transistor characteristics in the linear and saturation regimes to
the drain current that increased linearly at low drain voltage and
demonstraed clear saturation behavior at high drain voltage.
The drain current-gate voltage (Ips—Vgs) transfer curve of
pentacene OTFT on P123—PS blend gate dielectrics (Figure
5d) indicated that the OTFT yielded high current on/off ratios
(Ionsor = S X 10°) and negligible gate-sweep hysteresis. The
carrier mobility, (#grpr) and threshold voltage (V) values
were calculated in the saturation regime using the following
equation“’34

w
Ins = ”OTFTCiz(VGS - Vth)2 )
where, C; is capacitance of the polymer blend P123—PS gate
dielectric. The OTFT displayed a V;, of approximately —1 V
and a carrier mobility of 0.16 cm®> V™' s7'. The OTFT
performance is comparable to values recently reported for
polymer gate dielectrics and surpasses those of devices
employing organic semiconductor materials for the channel
layer grown on a silicon/glass substrate.*>*® Therefore,
replacement of the traditional gate dielectrics used in
complementary metal-oxide semiconductor (CMOS)-like
logic circuits with the polymer blend gate dielectric systems
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introduced here requires the formation of an OTFT at the
interface between the organic semiconductors and the P123—
PS gate dielectric.

3.6. Flexibility Test and Strain-Estimation for OTFT.
Every material, in its native form, has an inherent molecular
structure that leads to certain behaviors in terms of film stress.
Therefore, to determine the feasibility of our OTFT device, we
examined two additional features for its use in practical
applications. Namely, we estimated the transfer characteristics
both in the tensile mode (see Figure S4a in the Supporting
Information) and the compressive mode (see Figure S4b in the
Supporting Information) for a minimum radius of curvature
(R,) of 1.5 cm to determine the maximum strain for our OTFT.
Before the manufacturing process, a hard plastic foil was used as
a substrate support to establish these specific bending
conditions presented in the inset of Figure $4 in the Supporting
Information. The transfer characteristics reveal some changes in
terms of the on-to-off current (3 X 10%), V, (= 0.8 V), and
mobility (~0.15 cm®> V™' s7') when both tensile and
compressive strains were applied. The effects of bending strain
on the structure and electrical characteristics of the pentacene
films in flexible devices were investigated. These bending-stress-
driven phase transitions between the bulk phase and the thin-
film phase in the pentacene film resulted minor changes in
field-effect mobility of our pentacene based flexible OTFT. The
results from our study were also in agreement with effects of
bending strain on the mobility of pentacene films in flexible
devices that resulted in changes in the field-effect mobility in
the previous study.>” We concluded from the results that a
flexible OTFT device with good transistor properties has been
developed using P123—PS as a gate insulator and pentacene as
a p-channel organic semiconductor. Additionally, we deduced
that mechanical strains influence the energy barrier height
between the grains of the pentacene thin films, thereby
resulting in the variation of the channel resistances. Finally, the
fatigue test revealed that our flexible OTFTs in this study
exhibited supreme flexibility, especially under tensile and
compressive bending conditions for a minimum radius of
curvature of approximately 1.5 cm. The flexible PI substrate is
bent into convex and concave shapes, where the outer surface
experiences tensile strain and the inner surface compressive
strain, as indicated in Figure SS in the Supporting Information
and calculated using simple approximations for the film strain
and radius of curvature.

4. SUMMARY

In summary, we developed an innovative approach for the
deposition of a new organic—organic (P123—PS) blend thin
film on a flexible polyimide substrate using a novel chemical
dip-coating method at low temperature. The planar aggregation
of pluronic EO,,—PO,,—EQ,, triblock copolymer P123 and
polystyrene materials is likely due to the strong assembly of
hydrophobic and hydrophilic molecular interactions and high
molecular weights. Because of the good insulating properties of
our polymer blend film, it could be an ideal dielectric film for
use in future in device applications. The time-induced contact
angle measurement using water, ethylene glycol and diiodo-
methane for P123—PS revealed a good hydrophobic surface
with a total surface free energy of 19.6 mJ m™ In addition, the
polymeric P123—PS in a sandwich-like configuration (e.g.,
metal—insulator—metal) exhibits a low leakage current density
value (~1 X 107'° A cm™) and good capacitance density (88.2
nF cm™). An OTFT device employing P123—PS as a gate
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insulator and the conjugated n-electron system organic
pentacene as a semiconductor layer was successfully con-
structed and exhibited excellent device performance (e.g.,
carrier mobility, 0.16 cm® V™! s7%; on-to-off current ratio, 5 X
10°) and good device stability. Furthermore, the performance
of the OTFT device under bending modes of tensile and
compressive strain are among the best results for these
materials, which adopt a bottom-gate configuration; these
results are attributed to the high-quality dielectric-organic
semiconductor interface that was formed. Finally, it should be
emphasized that this novel solution processed dip-coating
method provides a new way to investigate the surface of
polymeric blend films and could be a promising approach for
practical applications because it is a low-cost and low-
temperature manufacturing technique.
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