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Title of the project

Indium replacement by single-walled carbon nanotube thin films

Catchy title of the project

High-performance, flexible carbon nanotube transparent conductor and thin-film
transistors for displays

Objective and Issue

Indium, one of critical metals, is essential for manufacturing indium tin oxide (ITO),
transparent conductive thin films which are commonly used in displays, touch sensors,
and for manufacturing of emerging indium gallium zinc oxide (IGZO) based thin film
transistors (TFTs), which offer better performance and energy-saving operation of
displays over traditional amorphous silicon technology.

Single-walled carbon nanotube (CNT) films are a strong candidate for the
replacement of the critical metal-based transparent conductive thin films and TFTs in
displays. They also offer a possibility of realization of future flexible displays. The main
goals of this project are to develop high performance SWCNT thin film materials: metallic
and semiconducting films to completely eliminate the use of these critical metals in



display industry. However, the transmittance-conductivity performance of SWCNT-
based transparent conductive films should be still improved to meet the industrial
requirements for wide range of display applications. The most important issues of
SWCNT-based TFTs are the uniformity of device property and the current density
sufficient for high-speed driving of display devices such as OLEDs.

The development of SWCNT materials is achieved by rational approaches where
nanoscale characterization and modelling are used to guide the discovery of new
configurations and optimization of material technology for device level applications and
experimental demonstrations, with focus on the interplay between theory and large-scale
computational screening and experimental methods. In-situ TEM analysis is also
introduced to understand growth mechanism. Post-growth separation technique is also
studied to obtain highly-pure semiconducting SWCNTSs for TFTs. The achievements of
this project are proved by demonstrating high-performance transparent conductive films,
touch sensors, and high-performance TFT array with uniform property on plastic film.

Project main results

Significant results were obtained in this project as listed below,

« Deep understandings of SWCNT growth mechanism, which are quite valuable for
mass production of SWCNT material and devices as well as for fundamental nano
science, have been obtained.

* A novel technology for large scale, rapid extraction of semiconducting SWCNT was
developed.

» State-of-the-art SWCNT transparent conductors with a sheet resistance of 29 ohm/sq.
at transmittance of 87% have been realized. Highly-transparent film with 69 ohm/sg.
at 97%, which is unachievable by conventional ITO, has also been developed.

e 12x12-zone touch sensor, fabricated by one-step transfer printing method, was
demonstrated.

« SWCNT TFTs with high on-current of >1 mA/mm have been developed by using
purified semiconductors.

» High-yield fabrication of both p- and n-TFTs (>99.2% for >1,000 devices) on plastic
film has been achieved, implying a possibility of large-scale integration of SWCNT
TFTs.

* Novel high efficiency perovskite solar cells employing SWCNT film as hole transport
layer and electrode with power conversion efficiency of >17% has been achieved.



Added Value from International collaborative work

Japanese groups studied the growth mechanism and its control in the supported-
catalyst CNT growth, purification of CNT materials, and thin-film device integration. EU
groups studied the growth and control in the floating-catalyst CNT growth and in-situ
TEM observation to understand the growth mechanism. By engaging both teams, the
performance and reliability of CNT thin film devices have been drastically improved on
the basis of full understandings of the growth and physical properties.

Factual information

The IRENA project is a fundamental research project coordinated by Esko I. Kauppinen
in EU and by Shigeo Maruyama in Japan. It associated Christophe Bichara, French National
Centre for Scientific Research, Jakob B. Wagner, Technical University of Denmark, as well
as Hisanori Shinohara and Yutaka Ohno, Nagoya University. The project started on
September 2nd, 2013 and lasted March 31, 2017. EU grant amounted to €1,799,648 and
JST grant amounted to ¥199,953,000
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