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Photocurable Organic Gate Insulator for the Fabrication
of High-Field Effect Mobility Organic Transistors by Low
Temperature and Solution Processing**

By Tae-Woo Lee,* Jung H. Shin, In-Nam Kang, and Sang Y. Lee

Demand for inexpensive electronic devices has driven inter-
est in organic semiconductors that can be deposited by simple,
low-cost, solution-based processes.[1–7] Moreover, this allows
the use of flexible substrates such as plastics, opening a route
for the development of flexible, thin film electronic devices
and information displays with the advantages of light weight,
low cost, and low-temperature processing, which is a much
sought-after goal. The potential applications of organic semi-
conductors have generated intense research interest in organ-
ic thin film transistors (OTFTs). To form a well-defined inter-
face between the organic semiconductor and the gate
insulator during solution processing, the gate insulator should
not be soluble in the solvent used to dissolve the organic semi-
conductor. Although thermal curing can be used to prepare
insoluble organic gate insulators, a high temperature process
is still necessary to complete the chemical crosslinking, and
this process distorts the plastic substrate.[8] Here we introduce
a photo-curable organic gate insulator for OTFTs that allows
low-temperature and solution-based processing and provides
high field-effect mobility in the devices. This photo-curable
organic insulator can be patterned easily to make connections
(i.e. vertical interconnectivity via holes) between the gate
electrodes and the underlying bus lines in integrated circuits.
This patterning is achieved using a simple conventional photo-
lithography process (i.e. photo-irradiation through a photo-
mask and developing), and does not require the complicated
lithography process typically used to pattern via holes during
OTFT array fabrication (i.e. photolithography using a photo-

resist, oxygen plasma etching, and lift-off method). Therefore,
use of the insulator described here can simplify the fabrication
of integrated circuit devices. When we used this organic insu-
lator in pentacene TFTs, we observed a high field-effect
mobility of 0.5 cm2 V–1 s–1 without hysteresis, and an on/off
current ratio of 1.7 × 107, when we used a polycrystalline pen-
tacene with a bottom-contact geometry as the semiconductor.

The organic insulator was prepared from a blend of
49.5 wt % poly(4-vinylphenol) (PVP) (Aldrich Co.) as the
radical initiator and 49.5 wt % trimethylolpropane triglycidyl
ether (Aldrich Co.) as the crosslinker, 0.5 wt % benzoyl per-
oxide (Aldrich Co.), and 0.5 wt % triphenylsulfonium triflate
(Uray Co.) as the photoacid generator (PAG) (Fig. 1a). After
spin-casting from a 10 wt % solution of the mixture (referred
to hereinafter as PVPEP50) in cyclohexanone, the film was
first soft-baked to remove the residual solvent on a hot plate
at 100 °C for 5 min, and then exposed to a 600 W UV light for
10 min to promote cross-linking in the film via a reaction in-
volving the epoxy groups. Finally the film was baked at 100 °C
for an additional 30 min to harden the film. With irradiation,
network formation occurs by the photoinduced acid-catalyzed
reaction between PVP and the epoxy-containing crosslinker.
The hydroxyl groups in PVP can open the rings of the epoxy
moieties to produce a product containing new hydroxyl
groups, resulting in a cascade ring-opening reaction and final-
ly the cured product as shown in Figure 1b. Although the ma-
jority of reactions catalyzed by PAG occur between the epoxy
crosslinker and the PVP, BPO was added to enhance network
formation by the oxy radical mechanism. These epoxy ther-
moset plastics bond exceptionally well to a wide range of
materials and are highly moisture resistant.

The PVPEP50 gate dielectric film exhibited good chemical
resistance both to acids at concentrations typically found in
metal or oxide etchants (e.g. 18.5 % HCl, 4.5 % HNO3, 0.7 %
HF) and bases at concentrations typically found in photoresist
developers (e.g. 2.38 % N(CH3)4OH), indicating that the gate
dielectric is sufficiently chemically robust for use in photoli-
thography and wet etching processes. We measured the fre-
quency dependent dielectric constant of films of PVPEP50
and pure PVP (Fig. 2). The dielectric constant of PVPEP50
(4.2 at 20 Hz, Ci=6.6 nF cm–2) was slightly lower than that of
PVP (4.6 at 20 Hz, Ci=7.3 nF cm–2). In addition, we measured
the dielectric constants of the samples exposed in air several
times over a four-day period. As shown in Figure 2a, the
dielectric constant of PVP increased markedly after 24 h in
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air, whereas that of PVPEP50 did not change even after 96 h,
implying that the PVPEP50 gate insulator is more resistant to
moisture. Solvent transport in organic polymer matrices is
usually described as a two-step mechanism. The first step is
the dissolution of the solvent in the polymer surface. The sec-
ond step is the diffusion of the solvent in the direction of the
concentration gradient. This process is usually described by a
differential mass balance, often called Fick’s second law of
diffusion.[9] A characteristic diffusion time (tD) is proportional
to h2/5D where h is the film thickness and D is diffusion coef-
ficient. Therefore, the data in Figure 2a implies that the cured
PEPEP50 films can have much lower diffusion coefficient be-
cause of the dense network of the polymer film, which reduces
the free volume and chain relaxation in the film. We also
tested the capacitance of the PVPEP50 insulator with fre-
quency variation down to 0.5 Hz, using a Solartron 1260
impedance/gain-phase analyzer as shown in Figure 2b. The
capacitance of the insulator did not increase even down to

0.5 Hz, indicating that there are no mobile charges, impurity
ions, or moisture inside the film. Therefore, the field-effect
mobility values obtained from the dielectric constant of 4.2
for PVPEP50 can be assumed to be reliable.

Next we deposited pentacene on top of the PVP and
PVPEP50 films and studied the surface morphology of the
pentacene films deposited on the gate insulators using atomic
force microscopy (AFM). As shown in Figure 3, the penta-
cene film grown on the PVP film exhibits a dendritic struc-
ture. The grain size of the pentacene film on the PVPEP50
film (1.02 lm2) (Fig. 3b) is smaller than that on the PVP film
(1.92 lm2). In addition, inspection of the image reveals that
the pentacene film grown on the PVPEP50 film is much less
dendritic than that on the PVP film, and that the pentacene
film on the PVPEP50 substrate has a greater number of small-
er isolated domains. The root-mean-square (RMS) surface
roughness was 5.69 and 6.83 nm for the pentacene films on
the PVP and PVPEP50 substrates, respectively. The observa-
tion that the pentacene film on PVPEP50 has a higher rough-
ness, despite having a greater number of smaller grains, indi-
cates that the crystal that makes up each grain in this system
tends to stack more vertically with respect to the dielectric
layer surface. The surfaces of the PVP and PVPEP50 gate in-
sulator films were very smooth, with RMS surface rough-
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Figure 1. a) Chemical structures of the materials used for the organic in-
sulator. b) The proposed chemical structure of the photocured polymer.

Figure 2. a) Dielectric constants of the PVPEP50 and PVP gate insulators
as a function of frequency. The dielectric constants were measured after
leaving the samples in air for various time intervals. b) The capacitance
of the PVPEP50 film as a function of frequency down to 0.5 Hz using a
Solartron 1260 impedance/gain-phase analyzer.



nesses of 2.57 and 3.26 Å, respectively. Therefore, for the
OTFT with a PVPEP50 film, the surface roughness of the in-
sulator film will have a negligible effect on the field-effect mo-
bility. The surface energy of the PVPEP50 film (40.2 mN m–1)
was lower than that of the PVP film (43.1 mN m–1). This dif-
ference may explain the different crystal stacking behavior of
pentacene observed on these films, in that the growth mode of
a pentacene film on a gate dielectric is affected by the surface
energy.[10] Specifically, as the surface energy of the gate dielec-
tric layer decreases, the pentacene morphology tends to
evolve from large, terrace-structured grains into small, three-
dimensional grains, due to a gradual change from the Strans-
ki-Krastanov to the Volmer-Weber growth mode.[10] As will
be shown below, the change in morphology of the pentacene
film on going from a PVP substrate to a PVPEP50 substrate
resulted in an improvement in the transistor characteristics
(mobility, subthreshold slope, and on/off ratio). Three-dimen-
sional growth of the pentacene will facilitate the charge trans-
port due to enhanced p–p overlap along the direction of
charge transport.

We fabricated pentacene transistors in the bottom-contact
geometry using the PVPEP50 and PVP gate dielectrics. The
field effect mobility of these transistors was strongly depen-
dent on the film deposition conditions. We obtained a rela-
tively high field effect mobility when a low deposition rate
(0.2 Å s–1) and moderate substrate temperature (55 °C) were
used. Figures 4a and 4b show the output electrical characteris-

tic curves and transfer characteristic curves of the pentacene
transistors based on a 560 nm PVPEP50 gate dielectric film.
The measurement was made in air using a Keithley Semicon-
ductor Characterization System 4200. The measurement was
finished within 30 min after taking out the samples from the
N2 box. Leaving the samples in air caused an increase in the
leakage current because of moisture uptake. The field-effect
mobilities determined from the saturation region in the tran-
sistor were 1.0 (at Vg= –39.2 V), 1.8 (at Vg= –44.5 V), and
3.2 cm2 V–1 s–1 (at Vg= –44.7 V) when voltages of Vd= –20,
–30, and –50 V were applied, respectively (Fig. 4b). The mo-
bility for the transistor with a PVP film was an order of mag-
nitude lower (0.13 cm2 V–1 s–1 at Vg= –40 V for Vd= –20 V, and
0.17 cm2 V–1 s–1 at Vg= –38 V for Vd= –50 V). The slight

C
O

M
M

U
N

IC
A
TI

O
N

2704 www.advmat.de © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2007, 19, 2702–2706

Figure 3. Atomic force microscope images of pentacene films on the gate
insulators: a) on the PVP film; b) on the PVPEP50 film.

Figure 4. Output and transfer characteristics of a pentacene bottom-con-
tact transistor with a 560 nm PVPEP50 gate insulator film. a) Output
characteristics in fast scan mode. b) Transfer characteristics in slow scan
mode (measurement time: ca. 10 min). c) Forward and reverse transfer
characteristics in fast scan mode (measurement time: 41 s).



increase in the field-effect mobility with Vd reflects a non-
linear contribution of the Schottky barriers formed at the
source and drain contacts.[11] The sharpness of the field-effect
onset is usually characterized by the subthreshold slope

S ≡ dVg�d� logISD� (1)

which reflects the quality of the insulator/semiconductor inter-
face.[12] The subthreshold voltages of the transistor using the
PVPEP50 film were 0.7, 0.9, 1.3 V dec–1 when voltages of
Vd= –20, –30, and –50 V were applied to the source and drain
contacts, respectively, while the subthreshold voltage of the
transistor using the PVP film was 2.15 V dec–1 for Vd= –20 V.
It is obvious from Figure 4b that the gate leakage current of
the PVPEP50 device (shown as dotted lines) was greatly
reduced compared with that of the PVP device. The results
described above were obtained with a step voltage of 0.1 V, a
sweep delay of 0.5 s, and a hold time of 5 s, in the quiet mode
(i.e. slow mode) of the characterization system. The total mea-
surement time was around 10 min. This resulted in large hys-
teresis above 10 V depending on the scanning voltage range
and the gate voltage. On the other hand, we performed the
forward and reverse scan in custom mode (i.e. fast mode) with
a step voltage of 0.5 V, a sweep delay of 0.1 s, and no hold
time. The total measurement time for this scan was 41 s. The
device did not show any hysteresis, as Figure 4c shows. This
may indicate that the hysteresis effect can be caused by the
electrons or holes injected from the gate and trapped in the
dielectric bulk, rather than by polarization or internally exist-
ing mobile ions.[13] The field-effect mobility was 0.5 cm2 V–1 s–1

with an on/off ratio of 1.7 × 107, and a threshold voltage of
–4.7 V applying a drain voltage of –20 V, which is lower than
the values obtained by a slower scan. As a result, the photo-
curable organic transistor using PVPEP50 gate dielectric has
a higher field-effect hole mobility and on/off ratio compared
to the corresponding device based on PVP. Since the
PVPEP50 gate dielectrics have good aspects, such as good
chemical resistance and low moisture uptake capability, and
furthermore the device using the gate insulator gives a high
on/off ratio and high mobility without hysteresis, the organic
gate insulator is promising for the fabrication of low-cost and
high-performance TFT arrays.

A notable characteristic of PVPEP50 is its amenability to
patterning via regular photolithography. After photoirradiat-
ing the PVPEP50 film through a photomask, we removed the
unexposed region by dissolution in developing solution
(1-methyl-2-pyrrolidone), which provides the resulting pat-
terns as shown in Figure 5a. In the fabrication of circuits and
display backplanes, patterns (i.e. vertical interconnections via
holes) are typically made on the organic gate insulator by a
sequential process in which conventional photolithography is
first applied to the gate dielectric, followed by dry etching and
lift-off of the remaining photoresist pattern. Since PVPEP50
has a strong adhesion to the substrate, no peeling-off of the
gate dielectric film from the substrate occurred and there was
no physical damage on the surface even after immersion in

various organics solvents and acids. Notably, the surface
roughness of the gate dielectric film was maintained after the
lithography process (Fig. 5c). The photo-definable nature of
the gate dielectric introduced in the present work simplifies
the process of patterning the organic insulator. Moreover, we
found that PVPEP50 films could easily be patterned using mi-
cro- or nano-imprint techniques. For example, we prepared a
patterned PVPEP50 film via the following process. First we
coated the protruding region of an imprint template with a Cr
film to block the photoirradiation, then pressed the template
onto the gate dielectric film, and then irradiated the film
through the template. Following irradiation, the residue of the
organic patterns in the unexposed and imprinted region could
simply be removed by washing with developing solution,
which results in a pattern as shown in Figure 5b.

In summary, we have introduced a photo-curable and
photo-definable organic gate insulator that is chemically
robust enough for use in photolithography and wet etching
processes. The photocuring capability of this gate insulator
material makes the film insoluble at low temperature, so that
reliable fabrication of OTFTs on plastic substrates is possible.
The gate insulator satisfies the requirements for fabrication of
a practical TFT array, such as a good chemical resistance, a
low moisture uptake capability, a low temperature process,
and a good film surface smoothness. In addition, the photo-
definable nature of the material simplifies the process re-
quired to fabricate integrated circuits or display backplanes.
An OTFT device fabricated using the gate insulator did not
show any hysteresis with a high field-effect mobility of
0.5 cm2 V–1 s–1 with a bottom-contact geometry when a poly-
crystalline pentacene semiconductor layer was deposited.
Therefore, solution-processable and photo-curable organic
gate insulators of this type should prove useful in the produc-
tion of high-performance flexible electronics and display
backplanes.

Experimental

Device Fabrication: The PVPEP50 precursor solution was spin cast
onto patterned AlNd gate electrodes. The film was first soft-baked to
remove the residual solvent on a hot plate at 100 °C for 5 min and
then exposed to a 600 W UV light for 10 min to promote cross-linking
in the film. Finally the film was baked at 100 °C for an additional
30 min. To fabricate bottom-contact OTFTs, a 50 nm Au layer was
deposited onto the gate insulator as the source and drain contact elec-
trodes through a shadow mask with a channel length of 100 lm and a
channel width of 1 mm. The pentacene with 60 nm thickness was
deposited at a deposition rate of 0.2 Å s–1 at a substrate temperature
of 55 °C.

Film and Device Characterization: The frequency dependent dielec-
tric constants of the gate dielectric films were measured using an Agi-
lent 4284A Precision LCR Meter. The capacitance was measured,
with variation of the frequency down to 0.5 Hz, using an impedance
gain/phase analyzer (SI1260, Solatron) at 0.05 V ac bias. Measure-
ments were performed in dry air.

Surface energies were calculated using the Owen-Wendt & Kaelble
method based on measurements of the contact angles of water, diio-
domethane, and ethylene glycol, performed using a DataPhysics
OCA20 instrument.
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Source-drain currents were measured using a Keithley Semiconduc-
tor Analyzer (4200-SCS). The source-drain current (ID) is governed
by the equation

ID � WCil
2L

�VG � VT�2 (2)

in which Ci is the capacitance per unit area of the gate insulator layer,
VG is the gate voltage, VT is the threshold voltage, and l is the field
effect mobility. The mobility (l) was calculated from the slope of the
plot of the square root of ID versus VG in the saturation regime.
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Figure 5. a) Photopatterned PVPEP50 materials, b) a PVPEP50 film imprinted using a template coated with Cr on the protruding region. The scale bars
of (a) and (b) are 100 and 20 lm respectively. c) Atomic force microscope images of PVPEP50 gate insulator film after photocuring (left) and then
after developing process (right).


