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To improve the performance of organic field-effect transis-
tors (OFETs) composed of poly(3-hexylthiophene) (P3HT) semi-
conductor and polymethylsilsesquioxane (PMSQ)-based insula-
tor, surface modification of PMSQ insulator has been carried out.
The modified PMSQ were synthesized by a sol-gel co-conden-
sation of methyltrimethoxysilane and hydrophobic alkoxysilane.
The thin films from these PMSQ had smooth and hydrophobic
surface. Resulting OFET fabricated on the modified PMSQ insu-
lator showed enhanced mobility. A clear relation could be seen
between the mobility and the surface free energy of insulator.

Organic field-effect transistors (OFETs) have received con-
siderable attention as a key technology for a wide range of appli-
cations, such as flexible displays, radio-frequency identification
tags, and smart cards, owing to their flexible, light-weight, and
low-cost characteristics.! Much effort has been focused on de-
veloping organic semiconductors for OFETs, and the potencial
of mobility has been achieved comparable to amorphous silicon-
based FETs.? For this purpose, some poly- or origothiophene de-
rivatives and pentacene derivatives have been utilized as a semi-
conductor layer of OFETs via a wet film formation process.>*
The film formability by solution process is one of the most im-
portant functions of the materials for OFETs with low-cost
manufacturing. Although various printable gate insulators with
wet and low-temperature processes have been proposed,’ the
requirements for insulating layer are not only an excellent elec-
tronic resistivity but also appropriate surface properties. As the
performance of OFET directly reflects the interfacial conditions
between the organic semiconductor layer and the insulating
layer, the surface properties of insulator are extremely impor-
tant.>® Surface roughness of the insulator would cause a defect
of electronic fields on the channel and a decrease in the mobility
of the OFETs.> Moreover, it was known that functional groups
onto the surface of the insulator would control the crystal growth
and structure ordering of the organic semiconductor.® The en-
hancement in the mobility of poly(3-hexylthiophene) (P3HT)
on SAM-modified surfaces has been observed and explained
by the improvement in the structural ordering of P3HT mole-
cules on the hydrophobic surfaces.%!%-13 Thus, the surface mod-
ification of the gate insulator is an important process for the
fabrication of efficient OFETs.

Recently, we have investigated polymethylsilsesquioxane
(PMSQ) dielectric as applied for a printable gate insulator in
OFETs on plastic substrate. PMSQ dielectric film is a silox-
ane-based organic—inorganic hybrid, which can be prepared at
150°C and shows high resistivity up to 10'* Qcm.'* An OFET
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composed of PMSQ and P3HT showed higher mobility than that
composed of SiO, and P3HT. However, the mobility of OFET
from PMSQ/P3HT was lower than that from octadecyltrichlo-
rosilane-modified SiO,/P3HT,!# indicating that the surface con-
dition of PMSQ insulator is not yet sufficient for the structural
ordering of P3HT. In pursuit of high-performance OFETs, we
tried the surface modification of PMSQ insulator by a coconden-
sation with several alkoxysilanes. In this paper, we added al-
koxysilanes with hydrophobic functional groups during sol-gel
synthesis of PMSQ on the assumption that the hydrophobic
groups will migrate to the surface of PMSQ insulator because
of its low surface free energy character (Scheme 1). The hydro-
phobic surface of modified PMSQ will enhance the structural or-
dering of P3HT molecules. It is an advantage of this method that
the performance of OFETs can be increased without additional
surface modification step, such as alkyltrichlorosilane treatment.
Octadecyltrimethoxysilane [CH3(CH;);7Si(OMe);, OTS],
(2-phenylethyl)trimethoxysilane [Ph(CH,),Si(OMe);, PES], and
(tridecafluoro-1,1,2,2-tetrahydrooctyl)trimethoxysilane [CF3-
(CF,)s(CH;),Si(OMe);, FOS] were used as hydrophobic alko-
xysilanes. The octadecyl group is a common hydrophobic func-
tional group for surface modification, and specific effects de-
rived from phenyl group and fluorinated alkyl group would be
expected from PES and FOS, respectively. The modified PMSQ
was synthesized by allowing a mixture of methyltrimethoxysi-
lane and hydrophobic alkoxysilane (0.5 mol %) for a sol-gel
cocondensation with formic acid catalyst in propylene glycol
methyl ether acetate (PGMEA). The modified PMSQ solutions
were spin-coated onto a substrate and cured at 100°C for 1h
and then 150 °C for 1 h. The surface properties of obtained modi-
fied PMSQ insulator were evaluated by surface free energy and
AFM measurement. Surface free energy was calculated from the
contact angle according to Kitazaki and Hata’s equation. '
Although the water contact angles slightly increased by the
addition of OTS and PES (Table 1), FOS-modified PMSQ
showed remarkably high water contact angle. The surface free
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Table 1. The surface properties of modified PMSQ insulators
Additive [R-Si(OMe); ]

Contact angle Surface free Average surface

Amount (water) energy roughness®
R /mol % /degree /mJm~2 /nm
None — 86.1 28.2 0.42
—(CH;)17CH3 0.5 87.1 28.5 0.36
—(CH,),Ph 0.5 89.6 27.1 0.48
—(CH2)2(CF,)5CF; 0.5 92.9 243 0.35
—(CH;),(CF,)sCF; 1.0 97.1 223 —

*Measured by AFM analysis.

energy also indicated the similar tendency that the FOS-modified
PMSQ exhibited lower surface free energy than that of the oth-
ers. This indicates that fluorinated alkyl groups migrated and ac-
cumulated on the surface of the film and then decreased the sur-
face free energy by only small amount addition of hydrophobic
groups. The AFM surface images of nonmodified and FOS-
modified PMSQ showed no significant difference (Figure S1 in
Supporting Information),"> and the values of average surface
roughness were almost identical (Table 1). Adding 0.5 mol %
of hydrophobic alkylsilanes to PMSQ does not affect the surface
roughness of PMSQ, giving a smooth surface. However, increas-
ing the amount of FOS addition prevents its film formation by
reducing surface free energy. Therefore, P3HT-based OFETs
were fabricated with the modified PMSQ containing 0.5 mol %
hydrophobic alkylsilane. For precise comparison of the insulator
surface condition, modified PMSQ insulators were spin-coated
on a heavily doped silicon wafer with a thermally grown 140-
nm-thick SiO, layer, and the device characteristics of modified
PMSQ/P3HT OFET were evaluated.

The output and transfer characteristics of FOS-modified
PMSQ/P3HT OFET are shown in Figure 1. The device showed
p-type characteristics with clear transitions for linear saturation
behavior and followed well the standard MOSFET gradual chan-
nel model. These device performances of modified PMSQ/
P3HT OFETs are summarized in Table 2. The mobility ;& and
threshold voltage Vi, were calculated using the standard equa-
tion from the transfer curves in the saturation. The device on
the FOS-modified PMSQ exhibited the highest mobility, and that
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Figure 1. Output characteristics (a), and transfer characteristics
(b) of FOS-modified PMSQ/P3HT OFET.

Table 2. Device performances of modified PMSQ/P3HT
OFETs

Additive
Q " Vin On/off
R SI(SMCM Jem?V-ls™! /V ratio
None 6.9 x 1073 —25 485
—(CH,;)7CH3 6.2 x 1073 —20 774
—(CH,),Ph 9.1 x 1073 -3 1586
—(CHy),(CR,)sCF; 1.1 x 102 ~20 461
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Figure 2. Relationships between mobility of OFETs and sur-
face free energy of insulator.

on the PES-modified PMSQ showed the second highest. This re-
sult was consistent with the result of the surface free energy anal-
ysis. Figure 2 shows the relation between the surface free energy
and mobility of the OFETs fabricated on the modified PMSQ in-
sulators. It can be clearly seen that the mobility increased as the
surface free energy of the insulator decreased. This simple rela-
tion suggests that the hydrophobicity of the insulator surface en-
hances the structural ordering of P3HT, although direct evidence
of P3HT ordering has not been obtained as yet.

In conclusion, printable insulator layer having hydrophobic
surfaces was fabricated by adding 0.5 mol % of FOS during the
sol-gel synthesis of PMSQ. The mobility of FOS-modified
PMSQ/P3HT OFET was higher than that of nonmodified OFET,
indicating the enhancement of structural ordering of P3HT by
hydrophobic surface. Moreover, clear negative relation was
exhibited between the mobility of OFETs and the surface free
energy of insulators. The simple method employed here will
provide a promising technique to improve the performance of
OFETs.
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