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1. Background and Definition of Nanotechnology

From 1970’s, LSI design rule have been shrunk by x0.7 and integration quadrupled every 3 years. Today, minimum line width in ULSI reaches around 130-150nm in production, and 20 nm in R&D.

The technology of today’s LSI is called “Top down”, that means processes cutting something to small to make functional device. Since the limitation of the present silicon process is foreseen within 10 – 20 years, because of limitation from lithography resolution and transistor physical limitation. So novel paradigm has been researched in these 20yesrs. 

 The concept of “bottom-up” came from the talk given by Richard Feynman in 1959. That means processes manipulating atom or molecule to build up some functional devices. This is the origin of “Nanotechnology”. A bottom-up technology seems very attractive, but it seems tremendously difficult to be robust or highly reliability in terms of the integrated circuits. 

Today, the definition of nanotechnology contains very wide technology areas and seems to be confused. It seems to contain at least these five technology areas,

1) Conventional “top-down” technologies under 100nm scale, containing semiconductor technologies, quantum devices, and many information and communication technologies.

2) “Bottom-up” technologies manipulating atoms or molecules directly, containing biotechnology.

3) Material technology that materials have nano scale structure and novel functions, like carbon nanotube and nano metal particle.

4) Micro machine or MEMS(Micro Electronics Machine Systems) and LoC(Labo on Chip), that has µm or up to mm scale.

5) Basic science and technology for example, quantum theory, molecular simulation technology and measurement technology for nm scale.

In this paper, I would like to talk about “Nanotechnology” containing these 5 technology areas in Japan.

2. Nanotechnology in the Government Part

In Japan, the Atom Technology Project, "Research and Development of Ultimate Manipulation of Atoms and Molecules”, was the start of a government’s funded project for nanotechnology (in means of the bottom-up technology). This project is funded by the Ministry of Trade and Industry, and started in 1992 to 2002. Objectives of this project are, "Identification and Manipulation of Atoms and Molecules", "Formation and Control of Nano-structures in Surfaces and Interfaces", "Spin Electronics" and "Theoretical Analysis of Atomic and Molecular Dynamic Processes”. 

After this, many projects or funds have been established in nanothnology area by ministries or agencies. But ministries or agencies had decided their R&D policies each other, so it was sometimes poor in strategy. 

In 1995, the Science and Technology Basic Low had been established to make strategic R&D plan. According to this low, the Council for Science and Technology Policy (CSTP) was established and it made recommendation for the Science and Technology Basic Plan (1st period, 1995 to 2001). This plan requested to increase budgets related to science and technology, especially in basic science area, and to increase number of post-doctor to be up R&D power. But it was still poor in strategy. For example, the plan didn’t decide what facility takes leadership in making S&T policy. 

In Jan. 2001, CSTP was renewed and moved under Cabinet Office. And CSTP made a recommendation for the Science and Technology Basic Plan (2nd period, 2001 to 2006). In this new plan, CSTP requested to spent 200B$ totally in S&T area in this five years, and decided four important areas to allocate resources of budgets and researchers. Important areas are Life science, Information technology, Nanotechnology and Materials and Environmental S&T. And in each important area, project team under CSTP discussed about strategy and resource allocation for budget and researchers. 

Under this condition, total budget for R&D related nanotechnology in FY2001 is up to 430M$, which increases three times from 1997 budget. Detail of budget is, 

1) 250M$ budget for MEXT (Ministry of Education, Culture, Sports, Science and Technology, large part of budget is for basic and application research in universities, 

2) 165M$ budget for METI (Ministry of Economy, Trade and Industry), large part of budget is for research projects in semiconductor and electronics technology area and material technology area,

3) Small amount for the Ministry of Agriculture, Forestry and Fisheries, and the Ministry of Public Management, Home Affairs, Posts and Telecommunications, use for biotechnology and telecommunication technology area.

 Inside of technology areas, priorities are on the semiconductor technology and nanodevice technology area, but it seems too small budget for the bio-nanotechnology area and the basic science area. 

3. Nanotechnology in the Industry Part

In the industry part, semiconductor industry is also the main player. Many projects collaborated with industry and universities, and partly or fully budgeted by government, are running now. Main projects are listed in table 1.

Table 1. Project in Industry Part

	STARC： Semiconductor Technology Academic Research Center ；1995- ; collaborate with university

	Selete： Semiconductor Leading Edge Technologies, Inc；1996-2006；300mm Wafer line

	Asuka：Advanced Semiconductors through Collaborative Achievement；2001-2008　70nm SoC

	Mirai：Millennium Research for Advanced Information Technology；2001-2008; 50nm or less LSI

	ASUKA and ASRC in AIST; 50-70nm basic research collaboration with Association of Super-Advanced Electronics Technologies ASET and University


(1)ASRC: Advanced Semiconductor Research Center:
(2))AIST: National Institute of Advanced Industrial Science and Technology
In 1990’s, Japanese semiconductor industry had lost its competitiveness versus U.S., Korea and Chinese Taipei. So nanotechnology is thought as an important way to get back its competitiveness.

In the other hand, nanomaterials are also important technology in Japan. Carbon nanotube or nanoparticles are very useful as a catalyst or combined materials those add novel or superior characteristics to conventional materials. Many companies and universities had started their research plan, and some of them will go to production stage in next 5 or 10years. FED and a fuel cell using carbon nanotubes, and a glass coated with nano particles which keep clear itself are hopeful candidates.

4. Issues and Foresight in Nanotechnology

Nanotechnology is very attractive for its novel functions or superior characteristics, but there are also tremendous difficulties lying to realize them. Those problems are like this, 

1) Productivity: In the bottom-up scenario, it is expected that a complex chemistry or self-organization method to make a functional block. Using biotechnology may be one solution for this problem. But there is still large gap to make up complex system like system LSI. And some quantum devices only work in very low temperature, so it is difficult to use these devices in mass-production area.   

2) Reliability: Today’s semiconductor technologies have huge amount of engineering techniques and knowledge to keep reliability. It is expected to need 10years or more that nanodevices will reach same level. 

3) Cost: Today’s semiconductor factory needs huge machine cost, and it still increase by generations. In the case of nanotechnology, dose it need same cost? It may be case by case, but low productivity and complex process means high cost. So balance between cost and function is very important.

4) Interface between nanotechnology and conventional technology: Nanodevices in the scale of atoms or molecule, have very low level signals like current of single electron, so it expected huge difficulty to detect and amplifier these signals to effect in conventional systems or outer world. And these small signals are easily lost in environmental noises. So it becomes very important to make functional interface or detection system to integrate in small chip or high density system, but it seems there are not enough effort or resource in this area.   

NISTEP (National Institute of Science and Technology Policy) have been researching in foresight for development of science and technology each 4 or 5 years. The 7th foresight was done from 2000 to 2001. The result of this foresight is published in July 2001. Table 2 shows results of important issues in nanotechnology area. These results show that it will need more than 10years to realize most of nanotechnologies.

5. Conclusion

It seems huge difficulty to realize nanotechnolory especially bottom-up scenario. But most attractive points like novel functions or superior characteristics are also exist same area.

So it seems there is enough worth to make effort hardly in nanotechnology. 

But it will be important to keep balance between cost and function, and also important to harmonize the functional blocks consist of the nanotechnologies with the conventional technologies like semiconductor devices.

Table 2. Foresight for Nanotechnology Issues

１）Nano　processing／Nano measurement
	2010
	Length, displacement and surface roughness measurement to the Å (0.1nm) order, and measurement to the femto-second order become possible 

	2013
	Development of semiconductor microprocessing and measuring technology for 1nm resolution for manufacturing 10nm rule LSI 

	2015
	Development of technologies that can freely control the super-molecular structure of organic polymers (higher order functional structure formed between molecules) utilizing self-organization functions 

	2016
	Development of three-dimensional cumulative processing technology of nanometer scale 

	2020
	Practical use of single electron memory device 


２）Nano material
	2013
	Development of technology for manufacturing nano-tubes with structutres as designed 

	2015
	Practical use of functional organic and inorganic composite materials with constituent parts of the order of sub-nm to several 10nm 

	2015
	Practical use of technology enabling the mass production of LSI with minimum pattern of 10nm 

	2016
	Development of X-ray microscopes capable of resolution of 10nm or less 

	2018
	Practical use of memory material that provides specific nano-scale structure and characteristics through self organization 


3) Next generation information communication

	2015
	Development of a magnetic recording hard disc of 1TB per square inch recording density 

	2015
	Practical use of VLSI with more than 256Gb per chip 

	2105
	Practical use of LSI operating at more than 50GHz clock 

	2018
	Development of devices that utilize switching functions of a single molecule/atom 

	2019
	Practical use of TOPS (tera-operations per second) level microprocessors 

	2023
	Development of logic LSIs and memory LSIs in which the basic switching element is a single molecule 


4) Nano bio/Medical treatment

	2013
	Widespread use of single-responsive missile drugs capable of efficiently reaching targeted parts such as tumor cells 

	2015
	Practical use of single atom/ molecule manipulation techniques as methods for devise fabrication and gene manipulation 

	2017
	Low-invasive surgical techniques using micromachines or robots account for the majority of surgical operations 

	2021
	Development of diagnostic and medical treatment micromachines capable of traveling on their own inside organisms (body cavity organs) 


