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We have successfully demonstrated a polymeric semiconductor-based transistor with low-
k polymer/high-k metal-oxide (TiO,) bilayer as gate dielectric. The TiO, layers are readily
processable from solution and cured at low temperature, instead of traditionally sputtering
or high temperature sintering process, thus may suitable for a low-cost organic field effect
transistors (FETs) manufacture. The low-k polymer capped on TiO, layer could further

smooth the TiO, dielectric surface and suppress the leakage current from grain boundary
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of TiO, films. The resulting unpatented P3HT-OFETs could operate with supply voltage less
than 10 V and the mobility and threshold voltage were 0.0140 cm?/V s and 1.14 V, respec-
tively. The on/off ratio was 1.0 x 10°.

© 2008 Elsevier B.V. All rights reserved.

In the past decade, organic field-effect transistors
(OFETs) have become of great interest for many attractive
applications, such as radio-frequency identification tags,
smart cards, flat panel displays, and chemical vapor sen-
sors [1-4]. However, traditional OFETs were operated at
high voltage (usually exceed 20 V) to output a high current,
while in a typical low-end application, the available oper-
ating voltage will be very low. Since the field-induced cur-
rent is proportional to the density of accumulated charge
in the OFETs channel, it has been suggested that the use
of high capacitance gate dielectrics will allow the neces-
sary charge to accumulate at low voltage [5,6]. The produc-
tion of low-operating-voltage OFETs with high capacitance
gate dielectrics has already been reported by using ultra-
thin gate dielectric [7-10] or high-dielectric constant
(high-k) inorganic metal-oxide gate dielectrics [11-15].
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For example, Halik et al. [10] reported the pentacene-based
FETs with self-assembled monolayer (SAM) as ultrathin
gate dielectric, which operating at 2 V, with a field-effect
mobility of 1 cm?/V s. This approach shows promise, how-
ever, pathways for devices integration into large-volume
coating process are less obvious. Alternatively, the high-k
metal-oxide films, such as Al,03, Ta;Os, and TiO,, were
usually deposited either by sputtering or by high tem-
perature sintering process. Although low-voltage, high
performance OFETs fabricated with pentacene using
metal-oxide as gate insulators [11,14,15] have been dem-
onstrated, the thermal deposition of pentacene and the
sputtering process of metal-oxide were still not consistent
with low-cost OFETs manufacture due to the requirement
for expensive vacuum steps. Relatively little has been done
with polymeric semiconductor with high-k metal-oxide as
gate dielectric in OFETs [12,13]. Therefore, in order to fully
enjoy the advantages of OFETs, namely, low-cost feature
for large-area electronics, it is important to develop
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devices with polymeric semiconductor as well as high
capacitance dielectrics which were all processed by solu-
tion method and cured at low temperature.

In this work, we have initially prepared soluble TiO,
nano-particles as high-k gate dielectric on substrate at
low temperature to enhance the capacitance of OFETSs.
For a high performance OFETs, generally, a low-k polymer
at the insulator/semiconductor interface is desirable, as
low interface polarity has been shown to increase carrier
mobility [16,17]. In addition, the polymer could further
smooth the TiO, dielectric surface and suppress the leak-
age current from grain boundary of TiO, films. Accordingly,
a layer of the low-k polymer was spin-coated on top of the
TiO, nano-particles film and a stacked structure (bilayer)
of low-k/high-k dielectrics was fabricated in this study.
With regioregular poly(3-hexylthiophene) (RR-P3HT) as
active semiconductor, good FET characteristics were ob-
tained at low drive voltage.

The polymer FETs were fabricated on N++ type low-
resistance Si wafers as substrate and acts as a common
gate electrode. An oleic acid surface-modified TiO,
nanoparticles (TiO,-oleic) with high solublility in chloro-
benzene or toluene was solution-deposited on wafer as
high-k gate dielectrics. This TiO,-oleic was synthesized
and modified from literatures [18]. The TiO,-oleic were re-
ported as anatase phase (k=31) and were cylindrical in
shape (20 nm in length and 4 nm wide, measured by trans-
mission electron Microscopy (TEM), Fig. 1a). The high-k
TiO,-oleic layers were obtained by spin-coating of TiO,-
oleic solution (10 wt% in Cl-benzene) at 1000 rpm for
30s, followed by a baking process at 120 °C in oven for
0.5hr. Subsequently, another layer of the cross-linking
PVP (k=4.1) was applied on TiO,-oleic film to smoother
the interface and as the low-k materials. The uniformity
of the TiO,-oleic film was examined by using scanning
electron microscopy (SEM) imaging of fracture edge. As
shown in Fig. 1b, the TiO; layer by solution process exhibit
uniform film with homogeneous nano-particle dispersions,
suggesting a good candidate for high-k insulator for OFETs
devices.

The transistors with bilayer dielectric films with differ-
ent thickness were fabricated (transisor 2: TiO,-oleic
(317 nm)/PVP (317 nm); transisor 4: TiO,-oleic (317 nm)/
PVP (85 nm)). The cross-linked PVP material (the top layer
of bilayer dielectric) shows good dielectric performance
and chemical resistance to many solvents and bases which
typically found in positive photoresist developers, indicat-
ing that the cross-linked PVP in this study were suitable for
use in photolithography and wet etching process. Hence,
we defined the region of electrodes with channel width/
length = 1000 um/10 um on top of the PVP layer by photo-
lithography/Pt-deposition (20 nm)/lift-off process (ace-
tone), leading to a patterned source and drain electrode
with fine accuracy and the surface of underlying PVP films
remain intact. Before spin-deposition of P3HT, the PVP
films were further treated with octyltrichlorosilane (OTS)
or hexamethyldisilazane (HMDS) as a SAM modification
layer [19]. After spin-coating of the P3HT (3 mg/1 mL in
toluene, 500 rpm, 60 s) as semiconductor, a bottom gate,
bottom contact configuration of the unpatterned P3HT-
OFETs was fabricated and shown in Fig. 2. All current-volt-
age (I-V) measurements for our OFETs were performed
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Fig. 2. Devices structure of bottom gate, bottom contact configuration
OFETs in this study.

Si wafer substrate (b)

Fig. 1. (a) TEM image of TiO,-oleic nano-particle (b) cross-sectional SEM image of TiO,-oleic layer. All scale bars are 100 nm.
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Table 1
Summary of dielectric properties (100 kHz) and field effect transistor data
Sample Condition Oleic-TiO, (nm) PVP (nm) Cox (nF/cm?) ucm?/Vs On/off ratio Ss V/dec Ve (V)
Transistor 1 Operated at Vg5 —40V - 580 (OTS-treated) 6.3 0.0074 7.90 x 10° 5.50 —4.46
Transistor 2 317 317 (OTS-treated) 10.0 0.0260 2.96 x 103 2.60 -6.33
Transistor 3 317 317 (HMDS-treated) 10.0 0.0028 1.90 x 10° 4.26 1.54
Transistor 2 Operated at V4s —10V 317 317(0TS-treated) 10.0 0.0072 5.40 x 10? 1.44 1.26
Transistor 4 317 85 (OTS-treated) 28.0 0.0140 1.00 x 10° 1.89 1.14
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Fig. 3. Leakage currents of the bilayer film: (a) (TiO,-oleic (317 nm)/PVP
(85 nm)) and (b) (TiO,-oleic (317 nm)/PVP (317 nm)).

(a) transistor 1
Vd=-40V

-1E-5

- 1E-6

F1E-7

L-1E-8

Drain current (A)"?
() uaun2 uielqg

1E-10

L1E-11

o F . a0

H1E6

(c) transistor 2
Vd=-10V

Drain current (A)*?
uauno uelq

(¥)

Gate voltage (V)

with semiconductor parameter analyzer (4156 C, Agilent)
at room temperature in air. To characterize leakage cur-
rents and capacitances of TiO,-oleic/PVP films, we have
made a capacitor structure (MIM) by sandwiching the bi-
layer materials between indium tin oxide (ITO) and Au
electrode. The effective gate capacitances (Cox) were mea-
sured by capacitance analyzer (590 CV, Keithley) at 100 k
MHz and listed in Table 1. We found that transisor 2 and
transisor 4 exhibit the capacitances of 10 nF/cm? and
28 nF/cm?, respectively, which are close to the theoretical
values for serially connected capacitor layers.

The current-density-voltage (J-V) characteristics of
these MIM structures (ITO/TiO,-oleic (317 nm)/PVP (317
nm)/Au and ITO/TiO,-oleic (317 nm)/PVP (85 nm)/Au) were
investigated and shown in Fig. 3. With a thicker capped layer
of cross-linked PVP, the TiO,-oleic (317 nm)/PVP (317 nm)
have lower current densities (107> A/cm? at 40 V) than that
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Fig. 4. Transfer characteristics (solid line) and the leakage current (dashed line) of (a) transistor 1 (insulator: PVP (580 nm)) with V4 = —40 V (b) transistor 2
(insulator: TiO,-oleic (317 nm)/PVP (317 nm)) with V4 = —40 V (c) transistor 2 with V4 = —10 V (d) transistor 4 (insulator: TiO,-oleic (317 nm)/PVP (85 nm))

with Vg=-10V.
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of TiO,-oleic (317 nm)/PVP (85 nm) (10~ A/cm? at 40 V) by
two orders of magnitude. Although the current density of
1073 Ajcm? (at 40 V) is high, the TiO,-oleic (317 nm)/PVP
(85 nm) film have an acceptable current density of 107>
Alcm? (at 10 V), a value good enough for a gate insulator
for OFETs operation within 10 V. It should be noted that
the bilayer dielectric structure is necessary in this study be-
cause the MIM structure of ITO/TiO-oleic (317 nm)/Au
show high leakage current, thus not able to be an insulator
solely in this study.

The surface roughness of the dielectric layers was char-
acterized by an atomic force microscope ((AFM) Nanoscope
Illa, digital Instruments). The root-mean-square (rms)
roughness of the TiO,-oleic film on silicon wafer is
1.72 nm. When top-coating layer (PVP) was applied on
TiO,-oleic film, the rms was further reduced to 0.61 nm
which was close to that of SiO, surface on Si substrate.

All of the electrical parameters of the OFETs in this study
were listed in table 1. The devices of transistor 1, 2, and 3
were operated at Vgs=—40V, Vg =40V to —40 V. In addi-
tion, for low voltage operating, the electric properties of
transistor 2 and transistor 4 were measured within 10 V.
The carrier mobility u and the threshold voltage V; were
determined by using the following Eq. (1):

Vi = AW - vy 1)

Where Ip,, is the saturated drain current, Co is the gate
capacitance per unit area, W and L are the conducting
channel width and length, Vs denotes the gate applied
voltage. The mobility was extracted from the slope of the
linear plots of the square root of the drain current versus
the gate voltage (Fig. 4).

All of the transfer characteristics of P3HT-OFETs in this
study are shown in Fig. 4. As to the transistor 2 with OTS-
treated insulator, the mobility in the saturation region and
the threshold voltage were 0.0260 cm?/V s and —6.33V,
respectively. The on/off ratio was about 2.96 x 103, This
mobility and on/off ratio were similar to unpatterned
P3HT-based OFETs with SiO, as gate dielectric [6]. For
the HMDS-treated transistor 3, the mobility and the
threshold voltage were 0.0028 cm?/V s and 1.54 V, respec-
tively, with on/off ratio 1.9 x 10°. It is obviously that de-
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vices with  OTS-treated insulator show better
performance than HMDS one. Transistor 1 was the device
with single layer of cross-linked PVP as gate dielectric.
The mobility and the threshold voltage are 0.0074 cm?|
Vs and —4.46V, respectively, with on/off ratio 7.90 x
103. The mobility of transistor 1 was about 4 times lower
than that of transistor 2.

To achieve high performance, low operating voltage
OFETs, transistor 2 and transistor 4 were tested within
10V (Vgs=—10V, Vg =10V to —10 V). The transfer charac-
teristics are shown in Fig. 4c and d and output characteris-
tics are shown in Fig. 5. The transistor 2 with capacitance
of 10 nF/cm? exhibited mobility of 0.0072 cm?/Vs and
the threshold voltage was 1.26 V. The on/off ratio was
5.4 x 10%. On the other hand, the transistor 4 (capacitance
of 28 nF/cm?) had twice the field-induced current at the
same gate voltage as shown in Fig. 5b. The mobility of tran-
sistor 4 was better than for transistor 2, namely,
0.0140 cm?/V s and the threshold voltage was 1.14 V with
on/off ratio 1.0 x 10. According to the work by Wang et
al,, [13] they demonstrated P3HT-OFETs with sputtered
TiO, and bilayer SiO,/TiO, as gate insulators which operate
at 10 V and show mobility of 0.005 cm?/V s and 0.032 cm?/
Vs, respectively. Although transistors with lower mobility
were obtained in our cases, this is the first example of poly-
meric semiconductor based FETs that were made by a sim-
ple, solution-processable TiO, gate dielectric which
fabricate at low temperature.

We have also investigated the hysteresis of the P3HT-
OFETs with bilayer TiO,-oleic/PVP gate insulators. The
gate-to-source voltage (Vs) is continuously swept in steps
of 0.12V, starting from 10V, passing through —10V, and
finally arriving at 10 V. The maximum difference of V; for
a constant current in the forward and reverse scans was
designated as the amount of hysteresis (AVyys) [20]. The
polymer gate dielectric OFETs usually result in large hys-
teresis in the -V characteristics. In our cases, the transistor
4 with thin PVP (85 nm) and the transistor 2 with thicker
PVP (317 nm) both show the similar hysteresis behavior
and the AV} is 4.10V and 4.24 V, respectively, as shown
in Fig. 6. The parameters of both the two OFETs include
carrier mobility, subthreshold slope, and on/off ratio are
unaffected by the hysteresis. It is believed that OFETs with
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Fig. 5. ID-VG transfer curves of OFETs with bilayer dielectrics. (a) transistor 2 (TiO,-oleic (317 nm)/PVP (317 nm)) and (b) transistor 4 (TiO,-oleic (317 nm)/

PVP (85 nm)).
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Fig. 6. The Hysteresis behavior of OFETs with bilayer dielectrics. (a) transistor 2 (TiO,-oleic (317 nm)/PVP (317 nm)) and (b) transistor 4 (TiO,-oleic

(317 nm)/PVP (85 nm)).

hysteresis may arise from the migration of the negative
ions in the PVP gate insulator and surface polarization
[21,22].

In conclusion, we have successfully demonstrated a
polymeric semiconductor-based transistor with low-k
polymer/high-k metal-oxide (TiO,) bilayer as gate dielec-
tric. The metal-oxide (TiO,) layers are readily processable
from solution and cured at low temperature, instead of tra-
ditionally sputtering or high temperature sintering process,
thus may suitable for a low-cost OFETs manufacture. The
low-k polymer capped on TiO, layer could further smooth
the TiO, dielectric surface and suppress the leakage current
from grain boundary of TiO, films. The resulting unpat-
ented P3HT-OFETs could operate with supply voltage less
than 10V and the mobility and threshold voltage were
0.0140 cm?/V s and 1.14V, respectively. The on/off ratio
was 1.0 x 10°.
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