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1. Introduction

Flexible devices fabricated on a plastic film are attract-
ing much attention because of the potential to open new
market for electronics. Among various kinds of semicon-
ductor materials, carbon nanotubes can provide
high-performance devices on plastic films at low cost. In
this work, our recent results on carbon nanotube-based
plastic electronics will be presented such as the carbon
nanotube thin-film transistors (TFTs) and integrated cir-
cuits (ICs) realized on a transparent plastic film [1]. The
high-throughput flexographic printing process to fabricate
carbon nanotube TFTs will also be introduced.

2. Fabrication of high-performance carbon nanotube
TFTs and ICs on plastic substrate

We developed the simple technique to form uniform
carbon nanotube thin film on a plastic film based on the
gas-phase filtration and transfer process [1]. Carbon nano-
tubes were grown by a floating-catalyst CVD technique
with CO as the carbon source, wherein catalyst particles
were produced by decomposition of ferrocene vapor [2], as
shown in Fig. 1. The carbon nanotube network was col-
lected by filtering through membrane filters of cellulose
acetate mixed with nitrocellulose at room temperature. The
carbon nanotube network was transferred from a membrane
filter to the substrate with electrodes of TFTs by dissolving
the filter in acetone. An SEM image of typical carbon
nanotube thin-film is shown in Fig. 1. The density of car-
bon nanotubes was 0.18 pum™ for the collection time of 2
sec.

Figure 2 shows the characteristics of a TFT fabricated
on a Si substrate based on the gas-phase filtration and
transfer process. The channel length and width were 100
pm each. Even though the carbon nanotube thin-film con-
tains both metallic and semiconducting carbon nanotubes,
the TFTs show good pinch-off characteristics. The on/off
ratio is 6x10° at Vps = -0.5 V (typically >10°). The mobility
was evaluated from the transconductance in the linear re-
gion to be 634 cm?/Vs. Here, the gate capacitance was es-
timated by Cao’s model that takes into account the electric
force lines focusing onto carbon nanotubes [3].

Figure 3 shows (a) a photograph of ICs fabricated on a
transparent plastic film, (b) schematic of a TFT, and (c) the
input-output characteristics of an inverter. In this study, we
use polyethylenenaphthalate (PEN) for the substrate. The
threshold voltage was controlled by the chemical doping

with F,TCNQ (tetrafluorotetracyano-p-quinodimethane) [4].
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Then, the matching between input and output voltages,
which is important for logic circuits to transfer the output to
the input of the next stage, was obtained in the inverter
characteristics. We have also demonstrated basic logic
gates (NOR and NAND), reset-set flip-flops (RS-FFs), and
delay flip-flops (D-FFs). Figure 4 shows the master-slave
D-FF consisting of 8 NAND and 2 NOT gates. The circuit
consists of two gated D latches connected in series, where
the slave latch changes the state in response to a change in
the state of the master latch. The input-output characteris-
tics show that the master-slave D-FF is triggered on the
rising edge of the CLK signal. The master-slave D-FF is the
first sequential logic circuit based on carbon nano-
tube-based transistors.

A 21-stage ring oscillators (44 TFTs) were fabricated to
evaluate the operation speed of the present TFTs. The os-
cillation frequency reaches 2.0 kHz at Vpp of -4 V. The
delay time of each inverter, 1/2Nf, where N and f are the
number of stages and the oscillation frequency, respectively,
is 12 ps/gate. This value is significantly better than the re-
cent studies. Since the delay time is dominated by the para-
sitic capacitances of overlap regions of the source-gate and
drain-gate electrodes, there is a room to improve the opera-
tion speed.

3. Fabrication of carbon nanotube TFTs by
high-throughput flexographic printing process

Printing process is also attractive to fabricate devices on
a plastic film at low cost. We have introduced
high-throughput flexographic printing technique in the fab-
rication process of nanotube TFTs. The flexographic print-
ing method is a kind of typographic printing methods with
photosensitive polymer plate. Back-gate-type TFTs has
been fabricated on a PEN film. First, a carbon nanotube
thin film was transferred from a membrane filter onto the
PEN film as previous work. Then, the source and drain
electrodes were formed by printing Ag-nanoparticle ink by
flexographic printing technique. The throughput of the
printing process is 6.6 cm/s. A carbon-nanotube back-gate
electrode was transferred on the back surface of the PEN
substrate. The fabricated device shows the mobility of 51.5
cm?/Vs (parallel plate model).

4. Summary

Recent progress of carbon nanotube-based plastic elec-
tronics were described. The high-mobility TFTs and the
functional logic ICs were fabricated on a plastic film, based



on the gas-phase filtration and transfer process. The
high-throughput flexographic printing process to fabricate
TFT arrays was also introduced.
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Fig 1. Schematic diagram of carbon nanotube growth, col-
lection by filter, transfer onto substrate with TFT elec-
trodes.
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Fig 2. (a) Ip-Vps characteristics and (b) Ip-Vgs characteris-
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Fig. 3. (a) Photograph of ICs fabricated on plastic substrate,
(b) Schematic TFT structure, (c) characteristics of an in-
verter. The load of the inverter is a gate-source-shorted
carbon nanotube TFT.
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Fig. 4 Carbon nanotube D-FF fabricated on plastic sub-
strate.

(b) Blade

Fig. 5 (a) Photograph of prototype flexographic printer and
(b) schematic of flexographic printing process.



