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A novel bilayer photoresist insulator is applied in flexible vanadyl-phthalocyanine (VOPc) organic thin-film tran-
sistors (OTFTs). The micron-size patterns of this photoresisit insulator can be directly defined only by pho-
tolithography without the etching process. Furthermore, these OTFTs exhibit high field-effect mobility (about
0.8cm?/Vs) and current on/off ratio (about 10°). In particular, they show rather low hysteresis (< 1V). The
results demonstrate that this bilayer photoresist insulator can be applied in large-area electronics and in the

facilitation of patterning insulators.

PACS:  85.30.Tv, 72.80. Le, 72.80. Sk

In the research of organic thin-film transistors
(OTFTs) in the last two decades, the gate insulator
has been widely studied due to their important ef-
fect on the performance of the OTFTs.["? Especially,
the bilayer insulators have been effectively utilized to
improve the performance of the OTFTs.l34 Therein,
the polymer bilayer insulators implemented by solu-
tion fabrication®=1% can avoid the problems with the
single-layer organic insulator, such as leakage current
and hysteresis.['""'2] The polymer bilayer insulators
usually consist of a thin dielectric which helps to in-
duce good electrical characteristics and a thicker di-
electric with good dielectric properties. In practical
applications, the present insulators are generally pat-
terned by two traditional processes, i.e. photolithog-
raphy and etching. Photolithography is the process of
transferring patterns of geometric shapes on a mask
to a thin layer of radiation-sensitive material (photore-
sist) covering the surface of insulator. The photoresist
patterns defining the various regions are not perma-
nent elements of the final device but only replicas of in-
sulator features. To produce insulator features, these
photoresist patterns must be transferred once more
into the underlying insulators. The pattern transfer
is accomplished by an etching process that selectively
removes unmasked portions of the insulators.*3] For
some radiation-sensitive polymers, it is possible that
the pattern procedure of the insulator can be accom-
plished by photolithography. Therefore, a radiation-
sensitive bilayer insulator will contribute to cost sav-
ing and have promising future in organic electronics.

In this Letter, we report a bilayer photoresist in-
sulator comprising two radiation-sensitive materials,
i.e. polyvinylalchohol (PVA) and benzocyclobutenone

derivative (BCBO(III)).' This insulator patterns
can be directly defined only by the photolithography
without etching process, even at micro-size level. The
VOPc OTFTs with the bilayer photoresist insulator
have also been fabricated on the plastic films and ex-
hibited excellent performances. The field-effect mo-
bility reaches 0.78 cm?/Vs, leakage current is about
1071 A and the negligible hysteresis voltage is less
than 1V.

The pattern procedure of the bilayer photoresisit
insulator is shown in Fig.1(a). The PVA (molecule
weight M, is 46000-186000) was purchased from
Aldrich Company. The BCBO(III) (molecule weight
M, is 5000-30000) sample was synthesized in the
laboratory"* and the molecular structure was given
in Fig. 1(b). Firstly, 4% aqueous PVA solution includ-
ing 1% ammonium dichromate photosensitizer was
spin-coated on the polyethylene teraphythalate (PET)
films with aluminum (Al) gate. The PVA film was
patterned according to the reported procedurel!®! and
has a thickness of 660 nm. Secondly, 1% BCBO(III)
tetrahydrofuran (THF) solution was spin-coated and
baked at 70°C for 5min. The BCBO(III) film was
patterned by UV exposure through a mask, which
was followed by developing in acetone. After being
baked at 170°C for 10min, 120nm BCBO(III) film
was formed. Thereafter, the VOPc active layers were
formed on ordered para-sexiphenyl (p-6P) layer by
weak epitaxy growth method.!'8l The p-6P and VOPc
were deposited at the substrate temperatures of 170°C
and 150°C, respectively. In the end, the gold source
and drain electrodes were thermally deposited through
a shadow mask. The channel length L and width
W were 100 um and 3000 pm, respectively. To esti-
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mate the dielectric constant x, metal-insulator-metal
(MIM) capacitors with 2-mm-diameter electrode were
also fabricated. The electrical characterizations of
OTFTs and MIM capacitors were measured in air
by using two Keithley 236 source-measurement units
and an Agilent E4980A LCR meter, respectively. The
thickness and roughness of the film were measured by
the tapping-mode atomic force microscopy (Quesant
250).
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Fig. 1. (a) Schematic illustration of the patterning proce-
dures of the traditional bilayer insulator and bilayer pho-
toresist insulator. In the bilayer photoresist insulator, di-
electric A is PVA and dielectric B is BCBO(II). (b) The
molecular structures of BCBO(II). (¢) The optical micro-
graphs of 10 um wide grooves of the bilayer phtotoresist
insulator. Bright: bilayer insulator, Dark: Al.

The patterning procedures of the bilayer photore-
sist insulator and the traditional bilayer insulator are
compared in Fig. 1(a). The patterning procedure of
the former was implemented without the etching pro-
cess, which was simpler than that of the latter. This
is because the bilayer photoresist insulator comprises
radiation-sensitive dielectrics and the patterns defined
by the photolithographic process can be used as per-
manent elements of the final device. In Fig. 1(c), 10-
pm-wide grooves made in the bilayer photoresist in-
sulator are shown. This size-level pattern can meet
the need of the displays. Moreover, microtopographs
of the grooves were also measured by an atomic force
microscope (AFM). The rms surface roughness of the
insulator is about 0.5 nm, and of the groove (Al film) is
about 1.1 nm which almost equals to that of the fresh
Al film on the PET film. The results indicate that
the bilayer insulator formed by the photoresists, i.e.

PVA and BCBO(III), has smooth surface and is able
to be removed clearly. Therefore, the patterns with
the same precision can be obtained only by a one-step
patterning procedure using this bilayer photoresist in-
sulator rather than a two-step procedure using the
traditional bilayer insulator.
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Fig. 2. Capacitance C vs voltage V for 660-nm-thick PVA
single layer and 780-nm-thick bilayer photoresisit insula-
tors on the PET films as measured from 2-mm-diameter
Al dot/dielectric/Al structures at 1kHz.

Figure 2 depicts the characteristics of capacitance
C vs voltage V for the PVA (660nm) single dielec-
tric layer and the bilayer photoresist insulator at a
frequency of 1kHz, which were measured with the
bias sweeping from 430 to —30V and then back from
—30 to +30V. The capacitances of the PVA and the
bilayer photoresist insulators are about 10.5nF /cm?
and 7nF/cm?, respectively. The dielectric constant
k of the PVA and the bilayer photoresist insulator
are estimated from the measured capacitance values,
which are 7.5 and 6, respectively. Under various bias
sweeps, the capacitance difference is found in the PVA
single layer but not in the bilayer photoresist insula-
tor, which demonstrates that the latter has better bias
stability.

The transfer characteristics of the p-6P / VOPc
OTFTs with the PVA single layer and the bilayer pho-
toresist insulators on PET films at a constant source-
drain voltage of —30V are shown in Figs.3(a) and
3(b), respectively. The field-effect hole mobility u and
threshold voltage Vi are estimated in the saturations
as follows:

w
Ips = Eﬂci(VGS - Vr)?, (1)

where Ipg is the source-drain current density; W
and L are the channel width and length, respec-
tively; C; is the insulator capacitance, and Vgg and
Vr are the gate-source voltage and threshold voltage,
respectively.'3] The field-effect characteristics of the
OTFTs with the PVA single layer and the bilayer pho-
toresist insulators are summarized in Table 1, which
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are estimated when the gate voltage is swept from +10
to —30V and then from —30 to +10V at a constant
source-drain voltage of —30V. The hysteresis effect
is scaled with the difference of the threshold voltage
in various gate sweeps.['”) The OTFTs with the PVA
single layer insulator show a high mobility of about
0.8 cm?/Vs, while those with bilayer photoresist insu-
lator show about 0.2 cm? /Vs. However, the former has
a larger hysteresis effect of 5.5V while the latter less
than 1V which approaches to the level of the TFTs
based on amorphous silicon. Moreover, the maxi-
mum gate leakage current (source-gate current) also
reduced by three orders of magnitude (from 107 A
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to 10719 A), as shown in Fig.3(c). We optimize the
performance of the OTFTs with the bilayer photore-
sist insulator by increasing the substrate temperature.
At substrate temperature 170°C, the highest pro-
cessing temperature of our PET substrate, the best-
performance OTFTs have been obtained and their
typical output characteristics are given in Fig.3(d).
With increasing Vpg, the linear region and saturation
region are observed obviously. The OTFTs exhibit a
field-effect mobility of about 0.78 cm?/Vs, an on/off
current ratio of about 10® and a threshold voltage of
—10V, which are estimated by Eq. (1) at a constant
source-drain voltage of —30V.
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Fig. 3. Transfer characteristics of the OTFTs with (a) 660-nm-thick PVA single layer insulator and (b) 780-nm-
thick bilayer photoresist insulator. The drain-source voltage is —30 V. The voltage sweep is from +10 to —30V
(symbol) and vice versa (line). (c) The leakage current of the OTFTs with single and double layer insulators. (d)
The output characteristics at different gate voltages for optimized OTFTs with bilayer photoresist insulator.

Table 1. Field-effect characteristics of the OTFTs. Here minus denotes the gate voltage sweeping from 410 to —30V and plus

represents the gate voltage sweeping from —30 to +10V.

MFE (Cm2 /VS)

Vr (V)

Insulator C; (nF/cm?)  k (f = 100kHz) — — T AVp (V)  Leakage current (A)
PVA 10.5 7.5 0.77 0.89 —11.52 —17.04 5.52 10-7
Bilayer PR 7.1 6 0.24 0.22 —6.32  —6.33 0.01 10—10

According to the published reports about various
polymeric dielectrics containing hydroxyl groups, the
hydroxyl group is believed as a cause of the hystere-
sis effect.['819 Concerning the a-Si TFTs with SiO,
as insulator,!?% it is suggested that the negative oxide
charge can be produced by injecting electron current
into SiOs, which causes the electron captured at the
traps related to the water in the oxide. The electron

capture initiates a chemical reaction, especially when
neutral sodium is present. In some other reported
TFTs,[2'=23] the hydroxyl groups are also suggested
to be electron traps. Therefore, we believe that the
residual hydroxyl groups in the PVA films would cap-
ture elections, which results in the electron current
injected in the PVA films and the ions such as Crf+
(or Cr**t) and Nat can easily induce this process hap-
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pening. When a BCBO(III) film is inserted between
organic semiconductor and PVA films, the electrons
injection is restricted. As a result, the hysteresis effect
and leakage current are largely reduced. On the other
hand, the extra hole carriers are produced by injecting
electrons from organic semiconductor into PVA films,
which suggests that the OTFTs with PVA insulators
have a higher mobility and a larger off-state current.

In conclusion, we have fabricated the bilayer pho-
toresist insulator consisting of two negative photore-
sists. Micron-size patterns of the insulator have been
directly defined only by the photolithographic pro-
cess without the etching process, for example, 10-pm-
wide grooves. The patterning procedure has obviously
been simplified. OTFTs with the bilayer photore-
sist insulator have also shown a field-effect mobility
of 0.78 cm?/Vs, an on/off current ratio of about 106
and negligible hysteresis. Thus the bilayer insulator
can be used to make flexible organic transistors with
high performance and to facilitate the patterning of
the insulator for the circuits and displays.
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