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Currently, carbon nanotubes and oxide semiconductor have emerged as important materials for p-type
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and n-type thin-film transistors, respectively; however, realizing sophisticated macroelectronics operating
in complementary manners has been challenging due to the difficulty in fabricating n-type carbon
nanotube transistors and p-type oxide transistors amorphous [1]. In this work, we demonstrate hybrid
complementary thin-film transistors based on carbon nanotubes for p-type and amorphous indium gallium
zinc oxide for n-type behaviors to achieve excellent macroelectronic applications [2]. The fabricated
carbon nanotube thin-film transistors utilize the pre-separated, highly purified 99.9% semiconducting
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carbon nanotube network as a channel and exhibit high mobility up to 59 cm /V·sec and high current
on/off ratio of 7.4 × 105 at an operating voltage of -0.5 V. Moreover, the fabricated amorphous indium
gallium zinc oxide thin-film transistors also shows high mobility up to 6.44 cm2/V·sec and high current
on/off ratio of 4.6 × 106 at an operating voltage of 0.5 V. Finally, we also show that, when configuring the
hybrid inverter through a combination of 99.9% semiconducting carbon nanotube thin-film transistors
and amorphous indium gallium zinc oxide thin-film transistors, the maximum gain (dVOUT/dVIN) of 14.37,
the power of 1.09 × 10-5 W, and the noise margins (NMHIGH = 1.48 V, NMLOW = 2.60 V) occurs at an
operating voltage of 5 V. Therefore, we believe that the approach of hybrid integration allows us to
combine the strength of p-type carbon nanotube and n-type indium gallium zinc oxide thin-film
transistors for minimizing the static-state power dissipation and maximizing noise margins in the circuit.
(c)

(d)
5
4

VOUT (V)

3
2
1
0

0

Max gain = 14.37 16
VDD = 1 V 14
12
VDD = 2 V
10
VDD = 3 V
8
VDD = 4 V 6
VDD = 5 V 4
2
2
3
4
50

Gain (V/V)

-IDS (A)

-4

10-5 W = 200 m, L = 8 m
10-6
10-7
10-8
10-9
10-10
10-11
10-12
10-13
10-14
VDS = 0.5 V
10-15
10
-3 -2 -1 0 1 2 3 4 5
VGS (V)

IDS (A)

(a)
-5

10-6 W = 2 m, L = 2.4 m
10-7
10-8
10-9
10-10
10-11
10-12 V = -0.5 V
DS
10
-5 -4 -3 -2 -1 0 1 2 3
VGS (V)

(b)

1

Brain-like synaptic functions can be very favorable for the next-generation large-area electronics
such as flexible bio-devices and neuromorphic systems, although conventional electronic synapses
have been demonstrated by means of CMOS-based circuit elements. Oxide thin-film transistor
(TFT) is one of the most promising devices for these applications, by which optical transparency
can be additionally exploited for being free from spatial/visual limitations. An oxide TFT using
electrolyte gate insulator can control the synaptic weights by electrostatic coupling between the
positively charged ions in gate insulator and the electrons in active layer. In this work, we proposed
a TFT using solution-processed poly(4-vinylphenol) blended with sodium β-alumina (PVP-SBA)
and indium-gallium-zinc oxide (IGZO) films as a synaptic device fabricated on glass substrate. The
cross-section and microscope image of the fabricated synapse TFT are shown in Figs. 1(a) and (b),
respectively. Fig. 1(c) shows transfer curves at a drain voltage of 0.1 V. Counterclockwise hysteretic
behaviors in drain current (ID ) were obtained due to the movement of sodium ions in PVP-SBA. For
evaluating the synaptic operations, trains of pulses were applied to the gate terminal. The pulse
width was set as 50 ms and pulse amplitudes were controlled to be 10 and 20 V. Fig. 1(d) shows the
variations in ID’s as a function of pulse number. Channel conductance monotonously increased with
increasing the number of pulses. The ID modulation rate and finally-obtained ID were confirmed to
be sensitively dependent on the pulse amplitude. Sodium ions in PVP-SBA are drifted to the
IGZO/PVP-SBA interface as the increase in number of pulses, and hence the channel conductance
can be gradually changed. At presentation, the detailed adaptive learning-functions including
paired-pulse facilitation and transition from short-term to long-term memory will be discussed.
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Fig. 1. Transfer characteristics of (a) carbon nanotube and (b) amorphous indium gallium zinc oxide
thin-film transistors. (c) Schematic circuit diagram of the hybrid inverter. (d) Voltage transfer
characteristics (solid line) and gain (dashed line) of the hybrid inverter.
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Figure1. (a) A cross-section and (b) microscope image, and (c) transfer characteristics for the fabricated synapse TFT. (d)
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Demonstrations on gradual ID increase as a function of number of pulses with variations in pulse amplitude of applied voltage.
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