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Improved Organic Thin Film Transistor
Performance Utilizing a DH-o6T Submonolayer

YUSUKE FUJINAKA,! RONGBIN YE,>* KOJI OHTA,?
KAZUME NISHIDATE,> AND MAMORU BABA?

!Graduate School of Engineering, Iwate University, Morioka, Japan
%Faculty of Engineering, Iwate University, Morioka, Japan

In this paper, we have reported on improved titanyl phthalocyanine (TiOPc) thin film
transistor (TFT) performance utilizing an o,o’-dihexylsexithiophene (DH-a6T) sub-
monolayer. By the detailed XRD and AFM analysis, highly ordering a-TiOPc thin films
could be deposited on Si0,/Si substrates modified by a DH-a6T submonolayer. Organic
TFT with a TiOPc/ DH-a6T bilayer as active layers realized high mobility of 2.45 x
10~ em? IV s, which is about 100 times greater than that of TiOPc single layer device.

Keywords Field-effect mobility; organic semiconductors; organic thin film transistors

1. Introduction

Metal phthalocyanines (MPcs) are organic dye materials, used in printing inks, as colorants
for plastics and fibers, and their semiconducting properties are exploited for applications
such as thin film transistors (TFTs), light emitting diodes, solar cells and gas sensors [1-15].
Titanyl phthalocyanine (TiOPc), one of non-planar phthalocyanines, has five polymorphs
with different preparation and treatment procedures [8§—15]. Specially, «-TiOPc presents a
particularly efficient charge photogeneration and a strong optical absorption in the red and
near-IR spectral regions and a very promising organic semiconductor with high mobility
due to showing the pi-stacking structure with concave pair and convex pair with significant
molecular overlaps and very short intermolecular distance [15]. Highly ordering o-TiOPc
thin films could be deposited on Au or SiO,/Si substrates modified by self-assembled
monolayer at a high substrate temperature [15, 16].

M. A. Loi et al. have reported supramolecular organization in ultrathin films of «-
sexithiophene («6T) on silicon dioxide [17]. In submonolayer films of «6T, regions where
the molecules stand on their long molecular axis coexist with regions where the molecules
lie flat on the substrate. When the first monolayer is completed, all «6T molecules stand
on the substrate, and the flat molecules detected in the submonolayer films are no longer
present. End substitution of oligothiophenes by alkyl groups ensures highly organized
films [18]. Therefore «,o’-dihexylsexithiophene (DH-a6T) is a more optimum material for
supramolecular organization than «6T, pentacence and para-sexiphenyl (p-6P) [19-21]. On
the other hand, it has been known that highly ordered films of MPCs can be fabricated on
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Figure 1. Chemical structure of TiOPc and DH-«6T, and schematic structure of organic TFTs.

p-6P submonolayer modified SiO,/Si substrates by weak epitaxy growth, and the corre-
sponding device performance is improved [22]. In this study, we report on improved TiOPc
TFT performance utilizing DH-o6T submonolayer.

2. Experimental

Figure 1 shows the chemical structures of DH-«6T and TiOPc, and the schematic structure
of organic TFT. Heavily n-doped Si substrate acts as the gate electrode with a 300 nm
thermally grown SiO, layer (Ci~10 nF/cm?) as the gate dielectric. The sample of DH-
6T and TiOPc were purchased from Sigma Aldrich. DH-«6T thin film of approximately
4 nm thickness (first layer) and TiOPc thin film of approximately 20 nm thickness (second
layer) were vacuum deposited from two deposition sources. During deposition, substrate
temperature was set at 110°C under a base pressure of less than 1 x 1073 Pa. The substrate
temperature was controlled by a digital programming regulator (CHINO KP1000). Film
thicknesses and growth rate were monitored by a thickness and growth rate monitor (ULVAC
CRTM-6000). Finally, Au source and drain electrodes of 20 nm were vacuum deposited
through a shadow mask with a channel with a channel width of 1 mm and length of
50 um. The characteristics of OTFTs were measured using a two-channel voltage current
source/monitor system (Advantest R6245) under ambient laboratory air condition.

The XRD analysis was performed on a diffractometer (Rint 2200V, RIGAKU Co., Ltd.)
with graphite monochromatized CuK,, radiation (1 = 1.54 A), operating in the ©-20 mode.
The morphology of the films was examined using AFM (Nanocute, Seiko Instruments Co.,
Ltd.), the cantilevers were used in the tapping mode with a length of 90 um and a force
constant of 0.12 N/m. The grain size (GS) were given by the AFM instrument for the
individual scans (3 um x 3 pum).

3. Results and Discussion

In Fig. 2(a), the typical XRD patterns of DH-«6T thin films of 10 nm with dyg; spacing of
3.29 nm (20 = 2.68°) was observed, and DH-a6T molecules are standing up with respect
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Figure 2. XRD patterns of (a) DH-«6T thin films of 10 nm, (b) a TiOPc single layer of 20 nm and
(c) a 20 nm/4 nm of TiOPc/DH-a6T bilyer deposited on SiO,/Si substrates at 110°C.

to substrate surface. The value of dg, is slightly smaller than that of DH-«6T thin films
deposited on Si substrates [18]. Figure 2(b) shows XRD patterns of TiOPc thin films of
20 nm deposited on SiO,/Si substrate at 110°C. Only a weak peak at 260 = 7.55° with dg;g =
1.14 nm was observed, which is assigned to «-phase. The XRD pattern of TiOPc films
deposited on DH-o6T submonolyer modified SiO,/Si substrates at 110°C was displayed in
Fig. 2(c). An intense and sharp peak at 7.55° (dgjo = 1.17 nm) due to the diffraction from
(010) plane of «-phase was observed, which indicates highly ordered «-phase films with
the (010) lattice plane parallel to the substrate, i.e., TiOPc molecules preferentially stood
on substrates with an “edge-on” style orientation [16]. Moreover, the appearance of the
second-order diffraction peak at 14.95° (dgpo = 0.592 nm) further enhanced the high order
of the vacuum deposited films. The above results suggested that TiOPc showed the weak
epitaxy growth behavior, which inducted an ordered DH-«6T submonolayer to reduce
the interaction between organic semiconductor molecules and the substrate, as similar to
vanady-phthalocyanine deposited on p-6p submonolayer [22]. Hence, it was promising that
high performance organic TFTs could be available based on the highly ordered vacuum
deposited films with the “edge-on” molecular orientation because charge transport was
along the pi-stacking direction [19].

Figure 3(a) gives the height AFM image of a DH-a6T submonolyer (~0.94 ML)
deposited on SiO,/Si substrate at 110°C and the nominal film thickness of is 4 nm. From
the cross-sectional profile data corresponding to the black line in Fig. 3(a), the height of
1 ML is about 3.2 nm, which agrees with the above-stated XRD data. In Fig. 3(b), many
small projections with GS of ca. 85 nm are observed. The TiOPc film deposited on DH-a6T
submonolyer modified SiO,/Si substrates at 110°C was consisted of lamellar crystals with
GS of ca. 320 nm [Fig. 3 (¢)], which were intimately connected with each other.

Figure 4 shows output characteristics of the TiOPc single layer and TiOPc/DH-a6T
bilayer TFTs with various negative gate voltages. These devices typically work in p-channel
accumulation mode. Compared with the TiOPc device, the saturated drain current of the
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Figure 3. AFM images of (a) a DH-«6T submonolyer of 4 nm with cross-sectional profile data
corresponding to the black line, (b) the TiOPc single layer of 20 nm and (c) the 20 nm/4 nm of
TiOPc/DH-«6T bilayer with cross-sectional profile data corresponding to the black line (All thin
films deposited on SiO,/Si substrates at 110°C).

bilayer device at Vp = Vi = —60 V was enhanced up to over 190 times. Generally,
the device performance of TFTs is evaluated with field-effect mobility (u) and threshold
voltage (V) extracted using the saturated drain current /p vs. Vi relation [23]:

w 2
Ip = (ﬁ)CiM(VG - Vr), ey
where W, L and C; are channel width, channel length and gate dielectric capacitance per
unit area, respectively. From the transfer characteristics of the two devices with that of a
DH-o6T submonolyer reference device (in Figure 5), mobilities and threshold voltages of
these devices are obtained and listed in Table 1. The bilayer device shows high mobility
that is about 100 times greater than that of the single layer device, which originated from
highly ordering and increasing of grain size of TiOPc thin films deposited on a DH-a6T
submonolayer.
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Table 1. Summary of mobilities and threshold voltages for the DH-«6T submonolyer, the
TiOPc single layer and the TiOPc/DH-«6T bilayer devices

Active layer w (cm?/Vs) Vr (V)
DH-«a6T submonolyer 4.71 x 1072 —7.05
TiOPc single layer 2.52 x 1073 —13.95
DH-a6T/TiOPc bilayer 2.45 x 107! —2.34
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Figure 4. Output characteristics of (a) the TiOPc single layer of 20 nm and (b) the 20 nm/4 nm of
TiOPc/DH-a6T bilayer TFTs.
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Figure 5. Transfer characteristics of the DH-a6T submonolyer, the TiOPc single layer, and the

TiOPc/DH-«6T bilayer TFTs.

On the other hand, the mobility in an OTFT is generally gate bias dependent and can be
estimated by considering the channel conductance [24],

alp

8ps = _8VG )

(@)

measured at low Vp. In this case being Vp < V¢, gps can be expressed as followed:

8ps =

iy W, Ve — Vi)
BVD LtMG T)-

3)

In Fig. 6 the data for gpg extracted from the output characteristics of Fig. 4 at Vp =
—5YV, are plotted as a function of V. The extracted mobilities are of 1.29 x 10~ 'em?/Vs
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Figure 6. Channel conductance of the TiOPc single layer and TiOPc/DH-«a6T bilayer TFTs plotted

as a function of the gate bias.
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and 1.81 x 1073 cm?/V s, respectively. Compared to the single layer device, the transport in
the channel region of the bilayer device appears as not limited by the g, since gpsshows a
quite good linear dependence from V. Thegpsof the bilayer layer device is about 100-fold
bigger than that of the single layer device at of V5 < -20 V. Therefore, bigger gps also
attributed to the increasing of mobility.

4. Conclusions

We have investigated improved TiOPc TFT performance utilizing a DH-a6T submonolayer.
By the detailed XRD and AFM analysis, highly ordering o-TiOPc thin films with GS of ca.
320 nm could be deposited on SiO,/Si substrates modified by a DH-a6T submonolayer.
The TiOPc/DH-a6T bilayer device shows high mobility of 2.45x 10~ cm?/Vss that is about
100 times greater than that of the TiOPc single layer device, which originated from highly
ordering, increasing of grain size and bigger channel conductance of TiOPc thin films
deposited on a DH-o6T submonolayer.
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