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boxylic diimide, C3F7CH2-PTCDI-(CN)2, and a low-temperature-processed, high-capacitance gate
dielectric based on a phosphonic acid self-assembled monolayer, we have manufactured n-channel thin-
film transistors on glass substrates. The transistors operate with low voltages (2 V) and have an electron
mobility of 0.04 cm2/Vs and an on/off ratio of 105. By combining C3F7CH2-PTCDI-(CN)2 n-channel transis-
tors with pentacene p-channel transistors, we have also manufactured low-voltage, low-power organic
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eywords:
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rganic complementary circuits

complementary inverters

. Introduction

Organic thin-film transistors (TFTs) and organic integrated cir-
uits that can be operated with low voltages (about 3 V or less) are of
nterest for a variety of electronic applications, such as low-power
ctive-matrix displays for portable devices. Low-voltage organic
FTs can be realized by implementing a gate dielectric with a capac-
tance close to 10−6 F/cm2. Ideally, these gate dielectrics are based
n materials that can be processed at temperatures below about
50 ◦C, so that the TFTs and circuits can be manufactured on flexi-
le polymeric substrates. Materials that have been utilized for the
abrication of low-temperature, high-capacitance gate dielectrics
or organic TFTs include sputtered, evaporated or anodically grown
hin metal oxides [1–8], organic self-assembled monolayers [9–18],
rganic self-assembled multilayers [19–22], and thin insulating
olymers [23–26]. Most of the work on low-voltage organic TFTs
o far has focused on p-channel transistors. A few reports on
ow-voltage organic n-channel TFTs exist, although they either uti-
ized organic semiconductors that rapidly degrade in air and thus
eed to be characterized in an inert atmosphere [4,17] or suffer

rom small charge carrier field-effect mobilities (0.02 cm2/Vs or
ess) [8,12,18,19,23,24]. Here we report on air-stable low-voltage
rganic n-channel transistors on glass substrates utilizing a core-
yanated perylene diimide derivative as the semiconductor and a

hin, high-capacitance, low-temperature-processed gate dielectric
ased on a phosphonic acid self-assembled monolayer. These TFTs
an be operated with voltages of 3 V and have an electron mobility
f 0.04 cm2/Vs in air.
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good static and dynamic performance.
© 2009 Elsevier B.V. All rights reserved.

The synthesis of the small-molecule organic semiconduc-
tor, bis(1H,1H-perfluorobutyl)-dicyano-perylene tetracarboxylic
diimide, C3F7CH2-PTCDI-(CN)2, was first reported by Michael
Ahrens and coworkers in 2003 [27]. Organic n-channel TFTs based
on this semiconductor were first reported by Brooks Jones and
coworkers in 2004 [28] and 2007 [29]. Using a heavily doped
silicon wafer as the substrate and gate electrode and a 300 nm
thick thermally grown SiO2 layer as the gate dielectric, Jones et
al. manufactured air-stable C3F7CH2-PTCDI-(CN)2 TFTs with elec-
tron field-effect mobilities of 0.64 cm2/Vs [28] and 0.24 cm2/Vs
[29], depending on the gate dielectric functionalization. These
transistors required operating voltages of 100 V. For a C3F7CH2-
PTCDI-(CN)2 TFT with a similar device structure and a slightly
thinner gate dielectric (100 nm), Weitz et al. recently reported a
mobility of 0.1 cm2/Vs, also measured in air, but using operat-
ing voltages of 15 V [30]. The air stability of C3F7CH2-PTCDI-(CN)2
transistors is a consequence of the electronegative substituents
and the relatively large electron affinity of the semiconductor
(4.5 eV; [28,29]). The large field-effect mobility is related to the
crystal packing [28–30]. To synthesize the organic semiconductor
C3F7CH2-PTCDI-(CN)2 we followed the procedure reported by Jones
et al. [28,30].

2. Experimental

The TFTs were manufactured on a glass substrate using the
inverted staggered (bottom-gate, top-contact) device struc-

ture. Gate electrodes were prepared by evaporating aluminum
with a thickness of 20 nm through a shadow mask. The alu-
minum gates were briefly exposed to an oxygen plasma to
create a hydroxyl-terminated aluminum oxide film and then
immersed in a 2-propanol solution of commercially available

http://www.sciencedirect.com/science/journal/03796779
http://www.elsevier.com/locate/synmet
mailto:H.Klauk@fkf.mpg.de
dx.doi.org/10.1016/j.synthmet.2009.07.042
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ig. 1. (a) Chemical structure of n-octadecylphosphonic acid, utilized for the
elf-assembled monolayer gate dielectric. (b) Chemical structure of the organic
emiconductor C3F7CH2-PTCDI-(CN)2. (c) Atomic force microscopy (AFM) image of
30 nm thick, vacuum-deposited film of C3F7CH2-PTCDI-(CN)2.

-octadecylphosphonic acid (chemical structure shown in Fig. 1a)
o allow an organic monolayer to self-assemble on the oxidized
luminum surface. After about 16 h, the substrate was removed
rom solution, rinsed with 2-propanol, dried in a stream of nitro-
en, and briefly baked on a hotplate at a temperature of 60 ◦C. Thus,
he gate dielectric consists of a 3.6 nm thick aluminum oxide film
nd a 2.1 nm thick self-assembled monolayer. A 30 nm thick film

f C3F7CH2-PTCDI-(CN)2 (chemical structure shown in Fig. 1b) was
hen deposited by sublimation in vacuum, again through a shadow

ask. During the deposition of the organic semiconductor, the
ubstrate temperature was maintained at 120 ◦C. Finally, 30 nm
hick gold source/drain contacts were deposited by evaporation

ig. 2. (a) Photograph of a C3F7CH2-PTCDI-(CN)2 transistor with a channel length of 50 �
ransfer characteristics of the same transistor, all measured in ambient air. (d) Electron m
etals 159 (2009) 2362–2364 2363

through another shadow mask. All electrical measurements were
carried out in ambient air.

3. Results and discussion

Fig. 1c shows an atomic force microscopy (AFM) image of a
30 nm thick film of C3F7CH2-PTCDI-(CN)2 deposited by sublimation
in a vacuum evaporator while the substrate was held at a tempera-
ture of 120 ◦C. At this substrate temperature, C3F7CH2-PTCDI-(CN)2
forms polycrystalline films with full surface coverage and relatively
large grains [30].

A photograph of a completed C3F7CH2-PTCDI-(CN)2 transistor
with a channel length of 50 �m and a channel width of 200 �m
is shown in Fig. 2a. The electrical characteristics of this TFT are
shown in Fig. 2b and c. Owing to the large gate dielectric capac-
itance (0.7 �F/cm2) the transistor can be operated with voltages
of 3 V. The TFT has a subthreshold swing of 160 mV/decade, an
on/off ratio of 105, and a threshold voltage of −0.8 V. In Fig. 2d
the electron mobility (�) is plotted as a function of the applied
gate-source voltage (VGS), calculated using the standard formal-
ism for field-effect transistors operating in the saturation regime:
� = 2·L/(W·C)·(∂√

ID/∂VGS)2, where L is the channel length (50 �m),
W is the channel width (200 �m), C is the dielectric capacitance
(0.7 �F/cm2), and ID is the drain current [12]. As can be seen, for
gate-source voltages above about −0.2 V the electron mobility is
about 0.04 cm2/Vs. To our knowledge, this is the largest mobility
reported for an air-stable low-voltage organic n-channel TFT.

To realize a low-voltage organic complementary inverter we

have combined a C3F7CH2-PTCDI-(CN)2 n-channel TFT and a pen-
tacene p-channel TFT in a shadow-mask-patterned layout on a glass
substrate. Both TFTs have a channel length of 50 �m. The circuit
schematic is shown in Fig. 3a. Fig. 3b shows an oscilloscope snap-
shot of a dynamic test of the inverter where a square-wave input

m and a channel width of 200 �m. (b) Output characteristics of the transistor. (c)
obility as a function of gate-source voltage.
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ig. 3. (a) Circuit schematic of a complementary inverter. (b) Dynamic response of
-channel transistor to a square-wave input signal with a frequency of 500 Hz (top:
upply voltages of 1.5 and 2 V.

ignal with an amplitude of 2 V and a frequency of 500 Hz is applied
o the input of the inverter. The output signal shows the correct
esponse of the inverter. Fig. 3c shows the static transfer character-
stics of the inverter for supply voltages of 1.5 and 2 V. The inverter
hows sharp switching and rail-to-rail output swings for both sup-
ly voltages, with a small-signal gain of about 10. Compared with

nverters based on a single carrier type [13,14], complementary
nverters consume less static power, since one of the two transistors
s always in the non-conducting off-state, except during switching.
he static current of the inverter in Fig. 3 is less than 100 pA, so the
tatic power dissipation is less than 200 W per logic gate.

. Conclusions

In summary, we have realized air-stable low-voltage organic
-channel thin-film transistors with an electron mobility of
.04 cm2/Vs and an on/off ratio of 105, using the small-molecule
rganic semiconductor bis(1H,1H-perfluorobutyl)-dicyano-
erylene tetracarboxylic diimide, C3F7CH2-PTCDI-(CN)2, and a thin
ate dielectric based on a phosphonic acid self-assembled mono-
ayer. In combination with a low-voltage pentacene p-channel TFT

e have also manufactured low-voltage organic complementary
nverters with good static and dynamic performance and small
tatic power dissipation.
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