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Printable organic thin-film transistor (O-TFT) is one of the most recognized technical issues nowadays. Our recent progress on the
formation of organic-inorganic hybrid thin films consists of polymethylsilsesquioxane (PMSQ), and its applications for the gate-
insulating layer of O-TFTs are introduced in this paper. PMSQ synthesized in toluene solution with formic acid catalyst exhibited
the electric resistivity of higher than 1014 Ω cm after thermal treatment at 150◦C, and the very low concentration of residual silanol
groups in PMSQ was confirmed. The PMSQ film contains no mobile ionic impurities, and this is also important property for
the practical use for the gate-insulating materials. In the case of top-contact type TFT using poly(3-hexylthiophene) (P3HT) with
PMSQ gate-insulating layer, the device properties were comparable with the TFTs having thermally grown SiO2 gate-insulating
layer. The feasibility of PMSQ as a gate-insulating material for O-TFTs, which was fabricated on a flexible plastic substrate, has been
demonstrated. Moreover, by the modification of PMSQ, further functionalities, such as surface hydrophobicity, high permittivity
that allows low driving voltage, and photocurability that allows photolithography, could be appended to the PMSQ gate-insulating
layers.

1. Introduction

Organic thin-film transistor (O-TFT) is an indispensable
component in the development of large-area, flexible, and
low-cost electronic devices, such as paper-like displays, radio
frequency identification tags, and high-performance sensors.
However, as the conventional method of O-TFT fabrication,
which includes multiple steps of vacuum processing, is com-
plicated and costly, the convenient fabrication process for O-
TFT is required in the industrial demand. Thus, the solution
based method has attracted increasing attention to achieve
low-cost fabrication of O-TFTs. Printable organic semicon-
ductors have been widely investigated [1, 2] and the wide
technology for printed electronics is progressing rapidly. As a
solution processible gate-insulating layer for O-TFT devices,
various organic polymers have been examined, including
polyvinylphenol (PVP) [3, 4], polymethylmethacrylate [5],

polyimide [6], and polyvinylalcohol [7], so far. Since organic
polymer based gate-insulating materials exhibited lower elec-
tric and chemical resistivity than that of inorganic dielectrics,
those organic polymers are not the optimum material for
the insulating layer of multilayered electronic devices. On
the other hand, organic-inorganic hybrid materials will be
the most promising materials that can solve these problems,
because organic-inorganic hybrids are expected to have
specific properties derived from both organic and inorganic
component, that is, solution processibility, flexibility, and
high resistivity. In the point of view from organic-inorganic
hybrids, we have developed novel organic-inorganic hybrid
materials that can make a gate-insulating layer of O-TFT by a
simple solution process. In this paper, our recent progresses
on the construction of organic-inorganic hybrid thin films
consist of polysilsesquioxane, and its applications for the
gate-insulating layer of O-TFTs are introduced.
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Figure 1: Device structure of O-TFT (bottom-gate/top-contact type).
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Figure 2: Synthesis of polymethylsilsesquioxane (PMSQ).

2. Required Properties of Gate-Insulating
Layer for O-TFT

As shown in Figure 1, a bottom-gate/top-contact type O-
TFT consists of a gate electrode, gate-insulating layer,
organic semiconductor layer, and source and drain elec-
trodes, respectively. Furthermore, in order to keep the high
durability of O-TFT component, the O-TFT must be covered
by a passivation layer, and an upper electrode is formed on
the passivation layer. The upper electrode is connected with
the drain electrode through a contact hole in the passivation
layer, which transfers electric signals from O-TFT to a driving
electrode of devices such as liquid crystal or electric paper
ink. In those components of O-TFT, electric resistivity and
permittivity of the gate-insulating layer are known to largely
affect the electric performance of the O-TFT, because charge
transfer through the channel, that is, the gap between the
source and drain electrodes, is strictly controlled by applied
gate-voltage (VG), which induces electric field through the
gate-insulating layer and results in charge accumulation
at the interface between the gate-insulating layer and the
organic semiconductor layer. In general, the well-known
inorganic gate-insulating films, such as silicon nitrate by
plasma CVD [8], aluminum oxide [9], and tantalum oxide
[10] by sputter process, are prepared by a costly high-
temperature vacuum process. There is a requirement of opti-
mized material for gate-insulating layer to manufacture high-
performance O-TFTs. In case of fabricating O-TFT onto
flexible plastic substrates, the most important requirement
is a low-temperature curability, since there is a limitation of
process temperature. As a material must form a cross-linked

thin film at relatively low temperature, polysilsesquioxane
has been recognized as a promising candidate [11–15].
However, previous attempts resulted in low electric resistivity
and stability [14, 15], because residual silanol groups in
polysilsesquioxane have not condensed completely. It is
indispensable for polysilsesquioxane to solve this problem,
in order to apply as gate-insulating material of O-TFTs. In
addition, gate-insulating materials are also required to be low
ionic impurity concentration, high permittivity, high-surface
smoothness, low-surface free energy, and so forth. We have
developed novel polysilsesquioxanes that accomplished these
requirements.

3. Synthesis of Polymethylsilsesquioxane
(PMSQ)

Materials for gate-insulating layer of O-TFTs should exhibit
high electric resistivity (more than 1013 Ω cm) and high
permittivity. As a possible material for such requirements, we
investigated polymethylsilsesquioxane (PMSQ) that can be
synthesized by sol-gel condensation of methyltrimethoxysi-
lane (Figure 2). In order to develop highly cross-linked
PMSQ films with low concentration of residual silanol
groups, which have reduced electric resistivity, PMSQ was
synthesized under various reaction conditions [16]. 1H-
NMR spectra of PMSQ prepared in methanol and toluene
are shown in Figure 3. The amounts of silanol Si-OH were
estimated based on the amount of silylmethyl group Si-
CH3, revealing that silanol content was extremely small
when PMSQ was prepared in toluene compared to that in
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Figure 3: 1H-NMR spectra of PMSQ; (a) prepared in methanol, (b) prepared in toluene.
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Figure 4: FT-IR spectra of PMSQ films before and after thermal
treatment at 100◦C and 150◦C for 1 h in air.

methanol. Also by a measurement of 29Si-NMR, the amount
of highly cross-linked T3 structure, which is corresponding
to the silicon atom attached to one alkyl group and three
siloxane groups, was twice larger in toluene than that in
methanol. This observation indicates also low concentration
of silanol groups. It is found that these results were caused by
the difference of the polarity of solvents. In the case of the sol-
gel reaction under hydrophobic condition in toluene, the col-
lision frequency of silanol groups will increase by hydrophilic
interaction, so that enhances the condensation reaction rate,
leading to a decrease in the silanol concentration. On the
other hand, the excessive water or methanol molecules in the
reaction mixture will stabilize silanol groups, which interfere
with the condensation reaction to PMSQ with less residual
silanols. Therefore, the condensation was carried out under
reduced pressure, as shown in Figure 2, to remove methanol
and water from propylene glycol monomethyl ether acetate
(PGMEA) solution. For the practical use of PMSQ as

Table 1: Properties of PMSQ prepared in different solvents.

Solvent Temperature (◦C) Mwa Mw/Mn ε (10 kHz)b Ω cmb

MeOH 50 6150 8.31 5.4 7.2 × 1012

Toluene 50 4700 5.79 4.2 1.6 × 1014

PGMEA 70 3960 3.46 4.3 3.8 × 1013

a
Estimated by GPC in THF using polystyrene standards.

bBaking temperature: 150◦C.

a gate-insulating material, PMSQ solution should be coated
onto the gate electrode, and the thin film was baked to
complete consumption of residual silanols. Figure 4 shows
the FT-IR spectra of spin-coated PMSQ films before and
after thermal treatment at 100 and 150◦C for 1 h in air. The
absorption bands at 902 cm−1, 1030 cm−1, and 1270 cm−1

are attributed to the bonds of Si–OH, Si–O–Si, and Si–
CH3, respectively. The absorption peak of the silanol groups
(Si–OH) disappeared completely, and the intensity of the
siloxane bonds (Si–O–Si) markedly increased on thermal
treatment at 150◦C [17]. This result clearly indicated that
the cross-linking reaction of the silanol groups proceeded
effectively even at low-temperature treatment less than
150◦C, forming the higher cross-linked siloxane network.

Electric resistivity and permittivity of PMSQ thin
films prepared in different solvents were measured using
Al/PMSQ/Al cell structures fabricated on glass substrates
and summarized in Table 1. It was found that the electrical
resistivity of PMSQ thin films significantly changed in the
range from 1012 to 1014 Ω cm depending on the organic
solvent used in the synthesis. The PMSQ synthesized in
toluene exhibited a high resistivity of 1.6 × 1014 Ω cm, which
were two orders of magnitude higher than that synthesized
in methanol. Current density-electric field characteristics
shown in Figure 5(a) also revealed the formation of dense
siloxane networks in the PMSQ film which were cured
at 150◦C. The PMSQ film had a very high breakdown
field of over 3.0 MV cm−1 and exhibited an extremely
low leakage current, which was much lower than that of
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Figure 5: (a) Current density-electric field characteristics and (b)
frequency dependence of dielectric constant of PMSQ film cured at
150◦C for 1 h in air.

PVP and polyimide [18] and more than two orders of
magnitude lower than that of previously reported PMSQ
films [14]. Furthermore, since mobile ionic impurities in
gate-insulating layer seriously suffer the property of O-
TFTs, it is important to confirm their existence by means of
impedance spectroscopy, that is, measurement of permittiv-
ity as a function of frequency in wide range of temperature
[19]. As shown in Figure 5(b), the dielectronic constant
(k ∼ 3.6) did not significantly change for wide frequency
sweeps (10 mHz∼100 kHz) and wide temperature sweeps
(30∼150◦C), which indicated extremely low concentration
of mobile ionic impurities. The reason of the absence of
mobile ionic impurities is probably due to the preparation
condition of PMSQ. The novel synthetic process introduced
here utilizes formic acid as a volatile acid catalyst for the sol-
gel reaction, and after the condensation, it was completely

removed under reduced pressure with exchanging the solvent
by adding PGMEA of higher boiling point.

The PMSQ thin films, which were made by spin-coating
and subsequent thermal treatment at 150◦C, were not
dissolved in common organic solvents such as chloroform,
toluene, and xylene, which allows the next coating of soluble
organic semiconductors, such as poly(3-hexylthiophene)
(P3HT), onto the PMSQ gate-insulating layer. The PMSQ
thin films have the pinhole-less smooth surface with average
roughness of 0.24 nm, which came out by AFM measure-
ments. Relatively less volatile nature of PGMEA and fluidity
of PMSQ before the thermal treatment will be attributable to
this surface smoothness of the thin films. Moreover, PMSQ
film had a hydrophobic surface exhibiting the water contact
angle of 90.7◦, and this also satisfies one of the requirements
for the gate-insulating layer of O-TFTs.

4. Characteristics of PMSQ as
a Gate-Insulating Material

Top-contact P3HT TFTs with gate-insulating layer of PMSQ
were fabricated on a glass substrate with an indium-tin-
oxide (ITO) gate electrode. The spin-coated PMSQ thin
films were cured at 150◦C for 1 h in ambient air, which
were 450 nm in thickness. A solution of regioregular P3HT
in chloroform was spin-coated onto the gate-insulating
layer, and the source and drain electrodes were evaporated
onto the P3HT layer through a shadow mask, as shown
in Figure 6 for TFT structure. Figure 7 shows the ID-VD

output curves and ID-VG transfer curves of the P3HT TFT
with PMSQ gate-insulating layer (where ID,VD, and VG

stand for drain current, drain voltage, and gate voltage,
resp.). In Figure 7(a), all curves display good linear and
saturation behaviors with no leakage current at VD = 0 V.
Figure 7(b) shows that the device exhibited no hysteresis with
respect to a VG sweep from +20 to −80 V and then from
−80 to +20 V, indicating that P3HT TFT with PMSQ gate-
insulating layer has stable TFT characteristics significantly.
For comparison, P3HT TFT using a highly doped Si substrate
with a thermally grown SiO2 gate-insulating layer (365 nm
thickness) were also fabricated. The surfaces of the SiO2 gate-
insulating layers were modified with the hydrophobic self-
assembled monolayers (SAMs) of alkyltrichlorosilanes with
different alkyl lengths (CnH2n+1-SiCl3, n = 2, 6, 12, and 18).
The field-effect mobility (μ) and induced threshold voltage
(Vth) shift for the VG sweep of the devices with different
gate-insulating layer surfaces are summarized in Table 2.
P3HT TFT with PMSQ gate-insulating layer exhibited fair
TFT characteristics with μ = 7.1 × 10−3 cm2 V−1 s−1 and
Vth = −0.3 V, whereas the device with untreated SiO2 gate-
insulating layer exhibited one order magnitude of small
mobility and larger negative Vth shift because of hydrophilic
surface. The suppression of hysteresis behavior and smaller
negative Vth shift of the device with PMSQ gate-insulating
layer also indicates that cured PMSQ films may contain a
small number of uncross-linked residual silanol groups. The
mobility of SAM-modified SiO2 gate-insulating layer showed
a close correlation to the water contact angle; that is, a more
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Figure 6: O-TFT (bottom-gate/top-contact type) with PMSQ and P3HT.
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Figure 7: (a) Output and (b) transfer characteristics of P3HT TFT with PMSQ gate insulator.

hydrophobic surface gives a higher mobility. Such behavior
has been observed by a number of authors, indicating that
mobility enhancement is caused by the improvement in the
structural ordering of the P3HT molecules at low-energy
surfaces [20–22]. A large contact angle of the PMSQ surfaces
would originate from the high density of the methyl groups
and the small amount of the residual Si–OH groups, which
are responsible for enhanced mobility.

As described above, the spin-coated thin films of PMSQ
can be cured at a low temperature of 150◦C, which is
suitable for a plastic substrate. Thus, fabrications of O-
TFTs on flexible plastic substrates were also investigated.
Polycarbonate (PC) substrate coated with an indium zinc
oxide (IZO) layer was prepatterned by wet etching and used
as a gate electrode, a gate-insulating layer of PMSQ was
formed by spin-coating and subsequent thermal treatment,
followed by spin-coating of P3HT, and source and drain
electrodes were thermally deposited [23]. The P3HT TFT
fabricated on PC substrate exhibited field-effect mobility

Table 2: Mobility (μ) and Vth with respect to VG sweep of P3HT
TFTs and water contact angle on different insulator surfaces. The
alkyltrichlorosilane SAMs are represented as number of alkyl units
(n).

Gate
insulator

μ (cm2 V−1 s−1)
Water contact
angle (degree)

Vth (V)

PMSQ 7.1 × 10−3 93 −0.3

SiO2 7.8 ×10−4 25 −2.0

n = 2 4.2 × 10−3 89 −2.5

n = 6 1.2 × 10−2 103 −2.5

n = 12 3.0 × 10−2 106 −2.4

n = 18 3.3 × 10−2 107 −2.4

of μ = 5.8 × 10−3 cm2 V−1 s−1, which was comparable to
those of the devices fabricated on glass substrates. Also, on
a polyethylenenaphtalate (PEN) substrate, P3HT TFT with
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PMSQ gate-insulating layer has been similarly fabricated
[24]. As shown in Figure 8, the transfer characteristic curves
of P3HT TFT on a glass substrate and that on a PEN substrate
were almost equal each other. The field effect mobility and
on/off ratio were also comparable with different substrates
as summarized in Table 3. These results demonstrate that
low-temperature processible PMSQ is extremely useful gate-
insulating material for enhancing electrical stability as well as
for a fabrication of printable O-TFTs.

5. Functionalization of PMSQ
Gate-Insulating Layer

5.1. Control of Surface Hydrophobicity of PMSQ. As men-
tioned above, SAM modification on utilizing a thermally
grown SiO2 layer as a gate-insulating layer is essential step
for the higher performance of O-TFT. Similarly, we studied
to improve the TFT properties by the SAM modification
of PMSQ surface [25]. PMSQ was spin-coated on the glass
substrates and heated at 80◦C for 2 min. At this stage, PMSQ
thin films were not completely cured and the silanol could
clearly be observed by IR measurement, but as the cross-
linked films were not dissolved in organic solvents, the SAM
modification could be performed with the remaining silanol
group on the surface of PMSQ thin film. After PMSQ thin
film on the substrate were immersed in the 5 wt.% various
alkyltrichlorosilanes of hexane/chloroform (3 : 1) solution
and then washed with hexane as shown in Figure 9, which is a
stepwise modification. In order to complete the modification
and curing of PMSQ, the substrate was heated at 150◦C for
1 h.

Table 3: Device performance (mobility, on/off ratio, and Vth) of
P3HT TFT on glass and PEN substrate with PMSQ as the gate
insulating layers.

Substrate m (cm2 V−1 s−1) Vth (V) On/off ratio

Glass 4.0 × 10−3 −18 4.0 × 103

PEN 1.3 × 10−3 5 4.0 × 103

Table 4: Surface properties of co-PMSQ thin films.

Additive [R-Si(OMe)3] Contact angle Surface free energy

R mol% (degree) (mJ m−2)

None — 86.1 28.2

–(CH2)17CH3 0.5 87.1 28.5

–(CH2)2Ph 0.5 89.6 27.1

–(CH2)2(CF2)5CF3 0.5 92.9 24.3

–(CH2)2(CF2)5CF3 1.0 97.1 22.3

In the case of SAM modification using octadecyl-
trichlorosilane (OTS), signals of silanol on IR spectra com-
pletely disappeared lower than 150◦C of thermal treatment,
and the film exhibited higher water contact angle of 100◦,
whereas the nonmodified PMSQ films show lower water
contact angle of 89◦. To examine the effect of surface
modification of PMSQ for O-TFT performance, O-TFTs
were fabricated using the nontreated PMSQ and the OTS-
treated PMSQ thin films as gate-insulating layers. Figures
10(a) and 10(b) show the output characteristics of P3HT
TFTs with the non-treated PMSQ and OTS-treated PMSQ
films, respectively. The O-TFT with the OTS-treated PMSQ
thin films showed higher mobility and larger on/off ratio
compared to that with the nontreated PMSQ films. It will be
noteworthy that the mobility of the O-TFT with OTS-treated
PMSQ was 4 times larger than that with nontreated PMSQ.

Instead of the SAM modification of PMSQ surface,
copolymethylsilsesquoxanes (co-PMSQs), which were pre-
pared from cocondensation of methyltrimethoxysilane and
a small amount of alkyltrimethoxysilanes, were used for
the direct formation of hydrophobic surface [26]. And co-
PMSQ gate-insulating layers were fabricated by a simple
spin-coating and subsequent thermal treatment as shown in
Figure 11. The relation between the surface free energy of
co-PMSQ layer and field effect mobility was investigated.
The surface properties of co-PMSQ with several alkyl
groups were summarized in Table 4, and it seems that the
surface of co-PMSQ thin films were more hydrophobic
than that of normal PMSQ, indicating that hydrophobic
functional groups migrated and accumulated on the surface.
Especially, co-PMSQ derived from tridecafuluoro-1,1,2,2-
tetrahydrooctyltrimethoxysilane exhibited very low surface
free energy.

Figure 12 shows the relation between the surface free
energy and mobility of the O-TFTs fabricated with the co-
PMSQ gate-insulating layer. It could be clearly observed that
the mobility increased with lower surface free energy. This
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result follows the same tendency of SAM-modified thermal
grown SiO2, and it was concluded that co-PMSQ prepared
from cocondensation is an effective gate-insulating materials
with a highly hydrophobic surface.

5.2. Improvement of Permittivity of PMSQ. As driving O-
TFTs with low operating voltage is an important function
for a high performance device, the gate-insulating layer
of high permittivity is required. We have also tried to
develop polysilsesquioxane having high permittivity. Some
modified PMSQs were synthesized by cocondensation of

several alkyltrialkoxysilanes and methyltrimethoxysilane. It
revealed that the introduction of polar functional groups,
such as epoxy and cyano, leads to the co-PMSQs with high
permittivity. Co-PMSQ containing epoxy group (PMSQ-
epoxy) showed very high permittivity, although TFT proper-
ties with PMSQ-epoxy gate-insulating layer was not superior,
because hydroxyl groups generated by ring-opening of epoxy
groups affected the charge trapping. On the other hand,
co-PMSQ containing cyano group (PMSQ-CN), which is a
product from cocondensation with cyanoethyltrimethoxysi-
lane, improved permittivity with the increase of cyano group
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as shown in Figure 13 [24]. When the feed ratio of cyano
group was 1 : 1, the permittivity was 3 times larger than that
of PMSQ without cyano group. Although PMSQ-CN had
slightly less hydrophobic surface than that of normal PMSQ,
field-effect mobility using two gate-insulating layer did not
differ much. The field-effect mobility (μ) of O-TFTs with
PMSQ and PMSQ-CN are 3.7 × 10−3 cm2 V−1 s−1 and 2.8 ×
10−3 cm2 V−1 s−1, respectively. As clearly shown in Figure 13,
ID of the P3HT TFT with gate-insulating layer of PMSQ-
CN was ca. 4 times larger than that of PMSQ without cyano
groups at VG = −30 V. This result suggested that required VG

to obtain a certain ID could be lowered by using PMSQ-CN
gate-insulating layer, and thus, PMSQ-CN revealed to be a
promising gate-insulating material for the high-performance
O-TFT of low-operating voltage.

5.3. Photocurable PMSQ. A photolithography is indispens-
able process for the fabrication of electric devices using
photoresists and UV irradiation. Introduction of photocur-
ability to PMSQ is seemed to become applicable not only

for O-TFT, but also various electronic devices. Therefore,
the photocurable PMSQ was investigated by introducing
photofunctional acrylic groups [27]. As shown in Figure 14,
a sol-gel cocondensation of methyltrimethoxysilane and
acryloxypropyltrimethoxysilane was carried out under the
same condition that have already described above. The spin-
coated film of thus obtained copolysilsesquioxane (PMSQ-
acryl) with Darocure 1173 as a photoradical initiator was
exposed to UV light through a photo mask, then the
250 μm line and space negative-patterns were obtained by
the development with 2-propanol. As shown in the inset
table in Figure 14, the increasing acrylic groups in PMSQ
lead to slightly decrease of electric resistivity. However,
these values of resistivity are sufficient for gate-insulating
materials of O-TFT. Also, it was found that the thin
film from PMSQ-acryl exhibited no permittivity change
even in higher temperature by the impedance spectroscopy,
which was indicating no existence of ionic impurities. The
properties of O-TFT with PMSQ-acryl as a gate-insulating
layer were comparable to that with normal PMSQ. These
results have suggested that the photo-curable PMSQ is not
only useful material as a gate-insulating layer of O-TFT
but also promising insulating material for other electronic
devices.

6. Conclusion

The term of “printed electronics” refers to electronic devices
fabricated by solution processes, which are less energy
consumption and cost comparing to vacuum processes. For
the sake of achieving printed electronics, there should be
close connection between three research steps of material
development, process design, and device characterization.
We have developed PMSQ derivatives for gate-insulating
layer of O-TFT based on three research steps. Possessing the
property of both organic and inorganic materials, one of the
typical organic-inorganic hybrid materials, polysilsesquiox-
ane, has been revealed to be an important field of mate-
rials for printed electronics. The careful investigation of
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Figure 13: Synthesis of copolysilsesquioxane (PMSQ-CN) and their properties (a), and output characteristics of P3HT TFT with PMSQ
gate-insulating layer (dashed lines) and PMSQ-CN gate-insulating layer (solid lines) at VG = −10 and −30 V (b).

Si
Me

MeO OMe
OMe

SiMeO OMe Si
Me

O
OR

Si O
PGMEA

+
OMe OR

O
O

O
O

HCOOH, H2O Photocuring

x y

Crosslinked PMSQ

R = Me, H, Si

PMSQ-acryl

x : y Mw Mw/Mn ε Resistivity (Ωcm)

0.8 : 0.2 4300 2.31 5.3

1.83 5.40.5 : 0.5 3000 2×1013

1×1014

(a) Estimated by GPC in THF using polystyrene standards.

(c) Measured at 1 kHz.
(b) Baking temperature: 100◦C for 1 h and 150◦C for 1 h.

Figure 14: Synthesis of copolysilsesquioxane (PMSQ-acryl) and their properties.

the preparation condition of PMSQs has enabled the devel-
opment of material suitable for gate-insulating layer of O-
TFTs. Recently, we have fabricated flexible O-TFT utilizing
PMSQ described above, and succeeded to drive an electric-
paper device. The property adjustability of PMSQ, that is,
resistivity, surface hydrophobicity, permittivity, and photo-
curability, suggests further possibility of applications. We are

certainly expecting the polysilsesquioxane derivatives to be
one of key materials for new electronic devices.
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