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erylenetetracarboxylic di-imide-based bottom-contact devices: A study on two kinds of source/drain electrodes, ITO and MoW
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High-performance bottom-contact devices based on an air-stable n-type organic semiconductor

rganic thin-film transistors (OTFTs)
-Type
erylene

N,N-bis(4-trifluoromethoxybenzyl)-perylene-3,4,9,10-tetracarboxylic di-imide, were fabricated, and the
effects of crystal packing on indium tin oxide and molybdenum–tungsten alloy were shown in two differ-
ent electric characteristics. The estimated work function of indium tin oxide and molybdenum–tungsten
alloy were 4.7 and 5.0 eV. The calculated lowest unoccupied molecular orbital energy level of the organic
material was 3.7 eV. Transistors with indium tin oxide bottom electrodes exhibited a high mobility of
3.37 × 10−2 cm2 V−1 s−1, an on/off current ratio of 6.5 × 105 and threshold voltage of −4.0 V.

a
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a
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d
m
source/drain (S/D) electrodes in our study. Electron mobility of
bottom-contact devices with ITO and MoW as S/D electrodes are
3.37 × 10−2 and 1.11 × 10−2 cm2 V−1 s−1, respectively. All measure-
ments are carried out through a semiconductor analyzer HP 4156A
. Introduction

Organic thin-film transistors (OTFTs) are the best candidates for
exible electronic devices. Using organic materials as the semi-
onductor layer has some advantages, such as low-temperature
rocess, large-area spin coating, inject printing, etc. [1,2]. Pen-
acene, the hole-transporting material has been widely studied and
an be employed in electronic devices [3,4]. For the purpose of
aking power-efficient complementary metal oxide semiconduc-

or (CMOS) circuits, n-type organic semiconductors must compete
ith p-type semiconductors [5]. Most electron-transporting (n-

ype) OTFTs cannot operate in air, because they are sensitive
o both oxygen and moisture [6,7]. In recent reports, perylene
nd naphthalene-based derivatives have demonstrated that high
obilities of ca. 0.1–.7 cm2 V−1 s−1 can be used as air-stable n-type
aterials. In general, OTFTs are fabricated in a top-contact form,

n which the source and drain (S/D) electrodes are defined on top
f the semiconductor layer through a shadow mask [8]. Yoo et al.
eported on high-mobility bottom-contact OTFTs with PDI-8CN2
s n-type organic semiconductors. The device treated with hex-
methyldisilazane (HMDS) and 1-octadecanethiol (ODT) showed a
obility of 0.14 cm2 V−1 s−1 [9]. The use of self-assembled mono-

ayers (SAMs) which not only caused a lower surface energy of SiO2
HMDS) but was also employed for ease of charge carrier injection
ODT). However, the disadvantages of SAMs are that they only occur
n particular chemical regents, and metal gold, silver or mercury can

ork with terminal thiol (–SH) groups for example.
We have recently reported N,N-bis(4-trifluoromethoxybenzyl)-

,4,5,8-naphthalene-tetracarboxylic-di-imide (NTCDI-OCF3) as an
ir-stable n-type organic semiconductor in the fabrication of the
ottom-contact device without any surface treatments [10]. The

hemical structure which has been modified by “–CF3” seems to
educe the contact resistance at the top-electrode/organic film
nterface. In order to improve the carrier mobility, the increasing
onjugated system of the center-core, naphthalene tetracarboxylic
i-anhydride (NTCDA) is replaced by perylene tetracarboxylic di-

F
l

379-6779/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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© 2008 Elsevier B.V. All rights reserved.

nhydride (PTCDA) [11]. This is an ideal air-stable, n-type material
or in synthesizing a larger conjugated system through two moieties
f PTCDA and 4-trifluoromethoxybenzyl amine.

In this letter, we fabricate the bottom-contact device with
new air-stable organic n-type semiconductor, N,N-bis(4-

rifluoromethoxybenzyl)-perylene-3,4,9,10-tetracarboxylic
i-imide (PTCDI-OCF3). Indium tin oxide (ITO) and
olybdenum–tungsten alloy (MoW) are used as two kinds of
ig. 1. Schematic diagram of bottom-contact device (channel width/channel
ength = 500 �m/30 �m) and the chemical structure of PTCDI-OCF3.
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Fig. 2. Transfer characteristics of ITO-based transistors. Inset shows mobility, on/off
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Fig. 4. Transfer characteristics of device reliability which were tested in vacuum
environment (3 × 10−6 Torr). Output drain voltage (Vd) was +50 V, and gate voltage
swept from −40 to +50 V for each test.

F
s

urrent ratio (on/off), threshold voltage (VT), source/drain electrodes (S/D) and drain
oltage (Vd).

n air. Fig. 1 shows the chemical structure and the profile of the
ottom-contact device with no surface treatments prior to the
vaporation of the organic semiconductor.

. Experimental

For bottom-contact devices, glass was used as substrates and
puttered ITO which served as the gate electrode was patterned
n the top of the glass. The insulator layer was 300 nm thick,
ade of plasma-enhanced chemical vapor deposition silicon diox-

de (PECVD-SiO2). ITO (100 nm) and MoW (100 nm) were chosen

s S/D electrodes for our devices. The defined channel length and
idth of both two devices (S/D = ITO, MoW) were 30 and 500 �m.

or complete transistors, the organic material was put into the cru-
ible and thermally deposited through a shadow mask in a high
acuum chamber. We maintained the substrate temperature at

Fig. 5. Transfer characteristics of MoW-based transistors. Inset shows mobility,
on/off current ratio (on/off), threshold voltage (VT), source/drain electrodes (S/D)
and drain voltage (Vd).

ig. 3. Transfer characteristics of device reliability, inset shows the shift of turn-on voltage and decay of on-current. Output drain voltage (Vd) was +50 V, and gate voltage
wept from −40 to +50 V for each test.
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Fig. 6. Energy levels of MoW, ITO and PTCDI-OCF3.
Fig. 7. X-ray diffraction patterns of PTCDI-OCF3 films growing on selected sub-
strates: SiO2, ITO and MoW.

Fig. 8. AFM images (10 �m × 10 �m) of PTCDI-OCF3 deposited on SiO2 (A, a), ITO (B, b) and MoW (C, c).
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10 ◦C while PTCDI-OCF3 evaporated. PTCDI-OCF3 was prepared
ollowing a modified published procedure [12]. Materials were
urified via gradient-temperature sublimation which we used as
he semiconductor layer.

. Results and discussion

Most organic n-type devices are fabricated in a top-contact form,
n which the source and drain electrodes are defined on top of
he semiconductor layer through a shadow mask. In our previ-
us studies, the chemical structure including “–OCF3” was suitable
or bottom-contact devices. Here, the source and drain electrodes
ere deposited beforehand on the dielectric layer, and then the

rganic layer was allowed to evaporate fully. On this basis, we
ynthesized a larger center-core of conjugated system in which
perylene-core was selected in place of the naphthalene-core.

he performance of the bottom-contact device with ITO as S/D
lectrodes showed a high mobility of 3.37 × 10−2 cm2 V−1 s−1, an
n/off current ratio of 6.5 × 105, and a threshold voltage of −4.0 V.
mprovements of electric characteristics indicated that enlarged
onjugated size allowed increased electron flow and that the low-
st unoccupied molecular orbital (LUMO) was favorable for n-type
rganic transistors. Fig. 2 shows the transfer curves of PTCDI-
CF3, and OTFTs used ITO as S/D electrodes without any further

urface treatments of both SiO2 (SAM) and S/D electrodes (plasma-
reatments). We tested reliability of PTCDI-based bottom-contact
evices with a continuing bias. Fig. 3 displays the transfer curves
f the device when operating totally 40 times. Output drain volt-
ge (Vd) was +50 V, and gate voltage swept from −40 to +50 V
or each test. A threshold voltage shift can be seen in each trans-
er curve, shifting from the left to right side. We also test the
TFT device in vacuum environment (3 × 10−6 Torr). As shows in
ig. 4, output drain voltage and gate voltage were the same as
ested in ambient environment. Gate bias stress caused a shift from
he right to left side. The results can be seen in previous study,
hestergield et al. have been demonstrated that the common TFT

nstability of threshold voltage shift was observed for PTCDI-C5
TFTs. The deep accept-like trap states in the organic semiconduc-

ors may result in a threshold voltage shift [13]. The drop in device
n-current appeared to show that the decay of the electric char-
cteristics was mainly damaged by moisture and oxygen from the
nvironment.

In order to further understand electric characteristics of bottom-
ontact devices, we tried another inorganic metal alloy, MoW as S/D
lectrodes. OTFTs were fabricated without surface treatments and
howed a mobility of 1.11 × 10−2 cm2 V−1 s−1, an on/off current ratio
f 2.1 × 105, and threshold voltage of +1.3 V (see Fig. 5). Compared
ith the ITO-based device, the MoW-based one displayed lower

bility in operating. In electron-transporting materials, lowering
he work-function of metals to improve the device performance is
he usual strategies for organic devices [14]. A higher work function
as estimated in metal alloy MoW than in metal ITO. Fig. 6 shows

elative energy levels of metal MoW, metal ITO and the organic
emiconductor (PTCDI-OCF3). For electron-transporting OTFTs, S/D
lectrodes with low work function, were chosen to reduce the bar-
ier between metal/organic contacts. The threshold voltage of the
TO-based device is −4 V which is less than a MoW-based one
+1.3 V). The reduced threshold voltage revealed that the carrier
an more easily pass through the metal/semiconductor interface

7,15]. For the same reason, the ITO-based device also shows higher
n-current and carrier mobility. Furthermore, to obtain energy
evels, the metal work function and the highest occupied molec-
lar orbital (HOMO) of PTCDI-OCF3 were measured in open air
y photoelectron spectroscopy with an ultraviolet source (RKI,

[

[

[
[
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odel AC-2). The LUMO energy level of PTCDI-OCF3 was calculated
y subtracting the energy band gap of the organic semiconduc-
or.

Fig. 7 shows peaks of X-ray diffraction collected from organic
olid-films on the substrate of SiO2, ITO and MoW, respectively.
he intensity of the first diffraction peak growing on SiO2 and
etal ITO was much stronger than that grown on metal MoW.

ig. 8 shows surface morphology of PTCDI-OCF3 deposited on the
iO2, ITO, and MoW. Semiconductors grow on the SiO2, ITO, and
oW, were showed surface roughness of 12.8, 9.46 and 4.06 nm,

espectively, estimated through atomic force microscopy (AFM,
igital Instruments Nanoscope). When PTCDI-OCF3 was deposited
n the surface of SiO2 and ITO, larger grain growth could be found
n AFM images (Fig. 8(A, a) and (B, b)). Fig. 8(C, c), however,
hows the flat film packing which conforms the low X-ray diffrac-
ion. In our experiments, although the varied morphology which
ppeared in different metal substrate, metal work function seems
o employ the major component to the electric characteristic of
TFTs.

. Conclusions

In summary, we have demonstrated bottom-contact
TFTs with an air-stable organic semiconductor, N,N-bis(4-

rifluoromethoxybenzyl)-perylene-3,4,9,10-tetracarboxylic
i-imide. High mobility of the ITO-based transistor and the
oW-based transistor were, respectively, 3.37 × 10−2 and

.11 × 10−2 cm2 V−1 s−1. The on/off current ratio of two OTFTs
as more than 105. We found that different work functions of

/D electrodes directly influence electric characteristics in device
erformance. For electron-transporting materials, the metal elec-
rode that has low work function can be chosen as source/drain
lectrodes in OTFTs.
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