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Abstract
We synthesized organic–inorganic hybrid materials (hybrimers) using a simple non-hydrolytic sol–gel reaction and
applied the materials as gate insulators in organic thin ﬁlm transistors (OTFTs). The hybrimer thin ﬁlms had smooth
and hydrophobic surfaces, and were stable with solvents. In addition, the hybrimer thin ﬁlms had good electrical properties
such as low leakage current and high dielectric strength. The performance of the OTFT with hybrimer gate insulator fabricated by drop casting of regioregular poly(3-hexylthiophene) (P3HT) was similar to that of OTFT with hexamethyldisilazane (HMDS) treated thermally grown SiO2. The hysteresis of RR-P3HT based OTFT with hybrimer gate insulator was
negligible.
 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Organic thin-ﬁlm transistors (OTFTs) have
attracted a great deal of attention and have been utilized for integrated circuits and driving circuits for
active matrix displays [1,2], sensors [3], and RFIDs
[4] because OTFTs have many advantages for
ﬂexible electronics such as low temperature processibility, low cost, and ﬂexibility compared with con*
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ventional Si technology. The performance of the
OTFTs using a small molecule or polymer semiconductors is comparable to that obtained with hydrogenated amorphous silicon, which is being used for
active matrix liquid-crystal displays.
Since ﬁeld-induced carriers are conﬁned to a
very thin region close to the interface of the gate
insulator and organic semiconductor [5], it is important to choose proper materials and to control the
surface of the gate insulator to obtain a better performance of the OTFT. In order to improve the performance of the OTFT, the gate insulator requires
such characteristics as a high dielectric constant, a
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low leakage current, and a smooth surface [6]. For
ﬂexible electronics using plastic substrates, it is also
preferred for gate insulators to be capable of being
prepared by a solution process because they are
desirable to be easily formed at low temperature.
Hence, many solution processible polymer thin ﬁlms
have been used as the gate insulator in the OTFT
instead of using inorganic insulators [6,7]. However,
polymer gate insulators have limits to their practical
use due to their restricted dielectric properties and
low thermal stability.
The sol–gel derived siloxane based organic–inorganic hybrid materials (hybrimers), in which inorganic and organic components are intimately linked
at the molecular scale by a covalent bond, have been
widely studied with respect to new dielectric materials for applications in optics and electronics [8,9].
Such materials combine the characteristics of both
glass and polymers, and they improve the thermal
and mechanical properties of the ﬁnal materials to
be applied. By a suitable selection of precursors and
optimization of processing parameters, we can easily
control the properties of hybrimers such as dielectric
constant, thermal stability, refractive index, surface
roughness, and hydrophobicity [8,10] Especially, the
methacrylate hybrimers synthesized using a precursor
of methacryloxypropyl trimethoxysilane (MPTMS)
have been widely investigated for many optical applications, since they show good optical characteristics
and are photo-patternable, allowing easy fabrication
for micro-optical devices. Thus, the hybrimers can
be applied to the gate insulators in the OTFTs since
they can control a wide range of electrical and surface
properties with high thermal stability and are photopatternable, as well as solution processible for easy
fabrication of the OTFT. Recently, Bao et al. [11]
reported that silsesquioxane based materials, which
are another type of hybrid materials, could be potential candidates for gate insulators in low cost and low
process temperature OTFTs.
In this study, we report on solution processible
hybrimers as gate insulators to fabricate solution
processed OTFTs with regioregular poly(3-hexylthiophene) (RR-P3HT) organic semiconductor. The
photo-patternable hybrimers, which contain oligosiloxanes nanoclusters grafted by photo-polymerizable methacryl radicals, were synthesized using a
simple non-hydrolytic sol–gel reaction. Electrical
characteristics and surface properties of the hybrimer thin ﬁlms were examined. In addition, the performance of the fabricated OTFT with hybrimer
gate insulator was also investigated.

2. Experimental
We synthesized hybrimer resins containing oligosiloxanes grafted by methacryl radicals using a
simple non-hydrolytic sol–gel reaction as shown in
Fig. 1a. Methacryloxypropyl trimethoxysilane
(MPTMS, Aldrich) and diphenylsilanediol (DPSD,
TCI) were used as precursors without further
puriﬁcation, and barium hydroxide monohydrate
(Ba(OH)2ÆH2O, Aldrich) was used as a catalyst to
promote a condensation reaction between the two
precursors. The total proportion of MPTMS and
DPSD together was 1:1 molar ratio. Detailed fabrication procedures, as well as structure and properties of the methacrylate hybrimer, were reported in
previous report [10]. The hybrimer thin ﬁlms were
deposited on indium tin oxide (ITO) coated glass
(sheet resistance of 15 X/h). The ITO coated glasses
were cleaned with acetone, isopropylalcohol (IPA),
and de-ionized (DI) water in ultrasonic, and were
then exposed to oxygen plasma for 5 min at 200 W
to remove organic contamination and to improve
the wettability of hybrimers solution. The synthesized hybrimer resins were diluted with propylene
glycol monomethyl ether acetate (PGMEA). The
solutions were ﬁltered through a 0.22 lm pore size
polytetraﬂuoroethylene (PTFE) membrane syringe
ﬁlter and spin cast at a spin rate of 5000 rpm for
30 s on the ITO coated glass. The deposited ﬁlms
were exposed to UV light (k = 365 nm, Hg lamp)
for 1 min 30 s and thermally cured at 150 C for
2 h in air condition.
The electrical properties of the hybrimer thin
ﬁlms, such as dielectric constant and leakage current
density, were measured using Al/hybrimers thin
ﬁlm/ITO structures with an HP4194A (Agilent
Technologies) impedance/gain analyzer and a
Keithley 237 source-measure unit (Keithley). We
measured the surface roughness and water contact
angle of the hybrimers thin ﬁlms using atomic force
microscopy (AFM) (XE/100,PSIA) and a contact
angle analyzer (Phoenix 150, SEO), respectively.
OTFTs with the bottom contact geometry were
fabricated. Gold was thermally evaporated on either
hybrimer gate insulator/ITO or the hexamethyldisilazane (HMDS)-treated thermally grown SiO2 on Si
wafer (resistivity of 0.01 Xcm) through a shadow
mask to form source and drain electrodes. The
OTFTs had a channel length of 50 lm and channel
width of 3000 lm. RR-P3HT was used as received
from Rieke Metals (Lincoln, USA) without further
puriﬁcation. Since the charge carrier mobility is
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Fig. 1. (a) Schematic synthesis diagram of hybrimers by sol–gel reaction of DPSD and MPTMS, and (b) leakage current density of
hybrimer thin ﬁlm for the MIM structure.

enhanced when the evaporation rate of solvents is
low [12], RR-P3HT was dissolved in chlorobenzene
(concentration of 0.2 wt%). The solution was ﬁltered through a 0.22 lm pore size PTFE membrane
syringe ﬁlter, drop cast on the substrate in a nitrogen atmosphere. The thin ﬁlms were dried overnight
(10–12 h) at 100 C in a vacuum oven. Electrical
characteristics of the fabricated OTFTs were measured using an HP 4155 A semiconductor parameter
analyzer (Agilent Technologies) under ambient laboratory conditions. In order to investigate the hysteresis of RR-P3HT based OTFT with hybrimer
gate insulator, capacitance–voltage (C–V) characteristics were measured using metal–insulator–semiconductor (MIS) structure, Au/RR-P3HT/hybrimer
gate insulator/ITO, with an HP4194A (Agilent
Technologies) impedance/gain analyzer. The voltage was swept with 0.5 V step, starting from
+40 V to 40 V and returning to +40 V at 100 kHz.
3. Results and discussion
The deposited hybrimer thin ﬁlms were dense and
pinhole free, as determined by scanning electron
microscope (SEM, JEOL). In addition, the adhesion

of the hybrimer ﬁlms on the ITO coated glass was
excellent. The dielectric constant (er) of the hybrimer thin ﬁlm is 3.1 at 100 kHz calculated from
the thickness and capacitance. The er of hybrimer
is lower than that of SiO2 (er = 3.9). The low er is
attributed to the nonpolar phenyl group of DPSD
and symmetrical structures of hybrimers.
Fig. 1b shows the dependence of leakage current
density (J) of hybrimer thin ﬁlm on the applied electric ﬁeld (E) at room temperature. The leakage current density at 1 MV/cm of the hybrimer thin ﬁlm is
4.1 nA/cm2 and the dielectric strength of the hybrimer thin ﬁlm, which was measured at current density of 106 A/cm2 is about 5 MV/cm. The leakage
current density and the dielectric strength of the
hybrimer thin ﬁlm are much better than those of
the commonly used solution-processable polymer
gate insulators in OTFT [13–15]. Polymer gate
insulators were reported to have the relatively high
leakage current density of 107 A/cm2 at 1
MV/cm and the low dielectric strength of typically
0.1  1 MV/cm [16]. This is due to the fact that they
cannot yield conformal and pin-hole free ﬁlm, and
also a number of the polymers possess hydroxyl
groups which act as trap sites [17].
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Hybrimer thin ﬁlm was fabricated by the condensation reaction between two precursors and by the
polymerization of the methacryl groups. The condensation reaction between the methoxy groups of
MPTMS and hydroxyl groups of DPSD forms the
oligosiloxane networks. Oligosiloxane networks
are cross-linked via polymerization under UV irradiation due to the photosensitivity of methacryl
groups in MPTMS, which allowing the hybrimer
thin ﬁlm to be more dense and robust. Since the
non-hydrolytic sol–gel reaction to fabricate the
hybrimer does not use the water which is necessary
to hydrolyze the precursor, there are few hydroxyl
groups in the hybrimer gate insulator [10]. The formation of totally cross-linked 3-dimensional networks and few hydroxyl groups in hybrimer gate
insulator give the low leakage current density and
high dielectric strength of hybrimer thin ﬁlm.
It is well known that the surface energy and surface roughness of the gate insulator play important
roles in the performance of OTFT [7,15,16,18]. The
gate insulators should have smooth and hydrophobic surface, and chemical stabilities with the solvents
used to dissolve RR-P3HT. The water contact angle
of the hybrimer thin ﬁlm was as high as 80, which
indicates that it has a hydrophobic surface. The
hydrophobic surface of the hybrimer thin ﬁlm is
attributed to the methacryl and phenyl groups
grafted to the oligosiloxanes networks. The hydro-

phobic characteristics of hybrimer ﬁlm can remove
the additional works such as self assemble monolayers treatment to improve the performance of
OTFTs.
The solvent used in the solution processing of the
organic semiconductor layer aﬀects the underlying
polymer gate insulators and, consequently, aﬀects
the device performance signiﬁcantly [15]. The hybrimer thin ﬁlms were treated with various solvents,
which can dissolve the RR-P3HT, to examine the
chemical stabilities of the hybrimer thin ﬁlms
although the solvents could not dissolve the hybrimer thin ﬁlms. Fig. 2 shows the AFM surface images
of the hybrimer thin ﬁlms as deposited and after dipping in the solvent for 5 min and drying the solvents.
The as-deposited hybrimer thin ﬁlm shows a smooth
surface with a RMS roughness of 0.38 nm. The
hybrimer solution ﬁlls up the valley region on the
rough ITO substrate during the spin coating due to
the low viscosity of the solution, which makes ITO
surface planar. This is consistent with other groups’
results using polymer to ﬂatten the ITO surface
[19,20]. The RMS roughness of the solvent treated
thin ﬁlms is around 0.3–0.4 nm, which is almost
identical with as deposited hybrimer thin ﬁlms.
Thus, we concluded that the hybrimer thin ﬁlms
are stable with the solvents for RR-P3HT due to
the cross-linked 3-dimensional networks consisting
of inorganic and organic networks.

Fig. 2. AFM surface images of the hybrimer thin ﬁlms (a) as deposited, and after treated with (b) chlorobenzene, (c) p-xylene, (d)
trichloroethylene, and (e) toluene. All images are 5 lm · 5 lm in size.
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One major problem in using polymeric gate insulators is the hysteresis problem. It is desirable that
the hysteresis of OTFTs is as small as possible for
organic circuit applications. Fig. 3 shows C–V hysteresis behavior of hybrimer gate insulator in MIS
structure at 100 kHz is negligible. It is well known
the hysteresis of OTFTs with polymeric gate insulator is caused by two mechanisms: (1) slow polarization of the dipolar groups or molecules such as
hydroxyl groups in the gate insulator and/or (2)
charge injection from gate, movement, and storage
in gate insulator [21]. Thus, we conclude that the
small hysteresis is attributed to the hydrophobic
surface which prevents the water from penetrating
into the gate insulator [22], the low contents of
hydroxyl groups which act as electron traps in the
gate insulators, and low leakage current density of
hybrimer gate insulator.
RR-P3HT based OTFTs with the bottom contact
geometry were fabricated to investigate the performance of the OTFTs with either the hybrimer gate
insulators or HMDS-treated thermally grown
SiO2. Fig. 4 shows the transfer characteristics of
the OTFTs with the hybrimer gate insulator and
the HMDS-treated thermally grown SiO2. The electrical performance parameters are summarized in
Table 1. The carrier mobility was determined from
a plot of (ID)1/2 vs. VG on the basis of the following relationship in the saturation regime:
WC i
2
lðV G  V th Þ
ð1Þ
2L
where ID is the drain current, W and L are the channel width and length, respectively, l is the ﬁeld-effect mobility, Ci is the capacitance per unit area,
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Fig. 4. Transfer characteristics of RR-P3HT based OTFT (a)
with hybrimer gate insulator and (b) with HMDS-treated SiO2
gate insulator. Inset: the schematic transistor structure with
diﬀerent gate insulators.

ID ¼

Fig. 3. C–V hysteresis behavior of hybrimer gate insulator in
MIS structure. RR-P3HT was drop cast on the hybrimer gate
insulator.

Table 1
Electrical performance of OTFTs with the hybrimer gate insulator and HMDS-treated thermally grown SiO2
Insulators

l (cm2/V s)

Vth (V)

S (V/dec.)

On/oﬀ
ratio

Hybrimer gate
insulator
HMDS-treated
thermally
grown SiO2

4.6 · 103

5.0

2.3

3.2 · 103

2.8 · 103

4.6

2.4

2.8 · 103

and Vth is the threshold voltage. The saturation regime mobility was determined at drain–source voltage (VD) of 40 V. The measured capacitance of the
hybrimer gate insulator and SiO2 was 7.2 nF/cm2
and 10 nF/cm2 at 100 kHz, respectively. The subthreshold slope, S, is deﬁned as the voltage required
to increase the drain current by a factor of 10. Since
the surface properties of hybrimer gate insulators
are analogous to that of HMDS-treated SiO2 such
as the hydrophobicity and surface roughness, the
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OTFT with hybrimer gate insulator shows similar
electrical performance to that of the OTFT with
HMDS-treated thermally grown SiO2.
4. Conclusion
We synthesized the hybrimers using a non-hydrolytic sol–gel reaction of MPTMS and DPSD and
characterized the electrical and surface properties
of hybrimer thin ﬁlm for the low temperature
and solution-processable gate insulator in OTFTs.
The hybrimer thin ﬁlm had a low dielectric constant
of 3.1 at 100 kHz, low leakage current density of
4.1 nA/cm2 at 1 MV/cm, high dielectric strength of
5 MV/cm, a smooth and hydrophobic surface, and
chemical stability against the solvent for dissolving
RR-P3HT. The C–V hysteresis of MIS capacitor
with hybrimer gate insulator is negligible due to
the hydrophobic surface, the low contents of hydroxyl groups, and low leakage current density of
hybrimer gate insulator. The performance of the
OTFT with hybrimer gate insulator was similar to
that of OTFT with HMDS treated SiO2.
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