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To Improve the Performance of All Kinds of Electronic Devices

Humans aspire for the rich, secure IT 
society. It can be said that the key to the 

development of the robot industry and of 

personal mobile electronic products is the 

development of higher performance, low 

energy consumption electronic devices. At 

AIST the development of next generation 

devices is being performed in var ious 

aspects to support the ubiquitous society.

Devices to support the ubiquitous society 

are required to be small so that they can 

be installed anywhere, to have low energy 

consumption so that they can be used even 

in large numbers and also to be highly 

functional to satisfy increasingly high level 

demands.

A t  A I ST,  r e s e a r c h  s t r a t e g i e s  a r e 

decided and research issues are repeatedly 

discussed. Currently, silicon CMOS is the 

main technology used in data processing 

devices but the cont inuing pursuit of 

per for mance improvements in CMOS 

devices through miniaturization is, because 

of physical and engineering difficulties, 

r e a c h i n g  i t s  l i m i t .  To g e t h e r  w i t h 

miniaturization, the introduction of new 

materials, new transistor structures and 

new processes, and further improvement 

of manufacturing techniques, have become 

ind ispensable.  At the same t ime, the 

measurement and analysis technology 

that supports these has become extremely 

important.

Also, having the limits of silicon CMOS 

technology in sight, many devices with 

different pr inciples of operat ion f rom 

CMOS have been proposed but at present 

no specific candidate replacing CMOS has 

been settled upon. Also, diff iculties are 

being pointed out with memories (DRAM, 

SRAM, f lash etc.) the capacity of which 

has increased remarkably. Proposals and 

development are aimed toward the practical 

utilization of new forms of high speed, 

non-volatile, CMOS compatible memory.

As research and development strategies 

for next generation data processing devices 

to support the ubiquitous society, when 

thinking about the above logic circuits and 

memory devices, three technologies shown 

in this pamphlet can be considered to play 

extremely important roles.

The three technologies introduced here 

are as follows.

F i r s t ,  w i t h  r e g a r d  t o  s i l i c o n 

semiconductors ,  wh ich represent  the 

mainst ream in cur rent technology, the 

Figure 1： AIST’s device technology roadmap (extract from phase 2 AIST research strategy)
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Research Coordinator
(Information Technology & Electronics)

Kazuhito Ohmaki

results of size reduction, low electricity 

consumption and high level functionality 

research at the Advanced Semiconductor 

Research Center a re presented. Next , 

research on XMOS transistors, which aim 

at high speed with the introduction of a 

new gate structure, is explained. Thirdly 

research regarding memory which retains 

data even after the power supply is turned 

off is presented. The last two researches 

are mainly pursued in the Nanoelectronics 

Research Institute.

Figure 1 shows an ext ract of in the 

information technology and electronics 

f ield, the roadmap relating to electronic 

devices. The part labeled “Semiconductor 

device technology to realize high speed & 

low electricity consumption” in the upper 

half of the diagram shows the roadmap 

corresponding to the silicon semiconductor 

r e s e a r c h  p u r s u e d  b y  t h e  Ad v a n c e d 

Semiconductor Research Center together 

with the Minist r y of Economy, Trade 

and Industry and to the XMOS research 

being pursued by the Nanoelect ronics 

Research Institute. The section labeled 

“Establishment of ultra low consumption 

and high density memory technology for 

the realization of normally off computers” 

i n  t he lower ha l f  cor responds to t he 

roadmap for non-volatile memory research 

pursued at the Nanoelectronics Research 

Institute.

At AIST, there is a super clean room 

(SCR Bldg.) maintained by the Advanced 

Semiconductor Research Center together 

with industrial companies, a clean room 

a t  Na no mat e r ia l s  Bldg.  T he  dev ice 

development phase being carried out at 

these facilities is shown in Figure 2.

At the SCR Bldg, mainly the Advanced 

S e m ic o n d u c t o r  Re s e a r ch  C e n t e r ,  i s 

doing research to make current silicon 

s e m ic o n d u c t o r s  s m a l l e r ,  f a s t e r  a n d 

lower in electricity consumption. And in 

Nanomaterials Bldg. research into next 

generation technology is carried out.

By making the facil it ies, especial ly 

SCR Bldg., open for use by companies 

and universities, AIST hopes to fulfill the 

role of “knowledge concentration center” 

for a semiconductor device technology. 

We are discussing the issues with related 

parties. AIST aims to function as a “hub” 

to bring about innovation in the IT society, 

constructing a world leading knowledge 

base system for the nanoelectronics field 

and setting as its goal contribution to the 

continuing development of the electronics 

industry. For example, as a technology 

system for pursuing the limits of CMOS 

miniaturization, AIST aims to construct a 

base system that can be used to predict and 

analyze device properties, by combining, 

technology for devices with new materials 

and new structures, process technology, 

measurement/analysis technology and ab 

initio simulation. This knowledge base 

system is to be called the nanoelectronics 

innovation platform (NIP). Using NIP, 

demonstrat ional research based on the 

creative ideas produced by universities, 

i n d u s t r y  a n d  i n d e p e n d e n t  r e s e a r c h 

inst itut ions will be performed and the 

possibility of further development will be 

assessed, leading to full scale research and 

development. 

I hope that this pamphlet will be of help 

to the nation’s semiconductor research.

Figure 2：AIST clean room device development phases (extract from AIST 
phase 2 research strategy)
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The role of electronics
With the progress of communications 

technology, people have become able to use 

various network services without restrictions 

on time and place. In order to ensure the 

convenience and safety of living space in 

ubiquitous society, the role of electronics 

sys tems i s  becomi ng more and more 

important.

The core technology of digital home 

appliances, cellular phones and automobile 

electronics etc. is that of semiconductor 

device such as processors and memory 

(Figure 1). For this reason, the cost and 

performance of semiconductors determine 

the added value of many of these products.

The domestic semiconductor market is ￥5 
trillion, representing around 1% of the GDP, 

but it is said that the extent of its knock on 

influence, including displays, automobiles, 

industrial machinery and medical equipment 

etc. amounts to ￥200 trillion (40% of the 

GDP). It can be said that there is a direct 

connection between the competitiveness 

of the semiconductor industry in the world 

market and the international competitiveness 

of Japan’s manufacturing industry.

One chip semiconductor for advanced 
information processing – the source of 
industrial competitiveness

Semiconductors that perform wireless 

communication and image/sound processing 

and recording etc. have from several tens of 

millions to in excess of several hundreds of 

millions of transistors integrated on around 

a 1 cm2 area of silicon chip.

As shown in  Figure 2 (left), memory 

and processors a re i nteg rated onto a 

semiconductor chip, with the functions of the 

various integrated circuit blocks structured to 

operate in concert. Figure 2 (right) shows the 

processing capabilities of media processors 

for various media such as high definition 

T Vs.  A lthough these a re specia l i zed 

processors, they have around the same level 

of processing capability as general purpose 

processors such as Pentium.

Figure 3 shows a cross section of the 

structure of the MOS transistors used in 

current integrated circuits (left diagram). 

Regarding gate length and gate insulator 

film thickness, the corresponding parts have 

come to occupy areas of extremely minute 

dimensions (right diagram). Because of 

miniaturization, the structure of current 

t ransistors results in an increased leak 

current and the problem now faced is that the 

drive current, which determines transistor 

performance, cannot be increased any 

further. In order to overcome this problem, 

two main solutions are being considered, as 

shown in Figure 4.

One solution is to change the transistor 

structure from a planar structure to a three 

dimensional one and the other is to add a 

strain to the Si of the channel, so that the 

current can f low more easily or to change 

the material from Si to Ge so that the drive 

current can be increased. Research and 

development is proceeding in these areas. In 

addition, a lot of research is being carried out 

into replacing conventional SiO2 used in the 

gate insulator film with a high permittivity 

(high-k) material.

In the 60 years since the t ransistor 

was i nvented and the 50 yea r s  s i nce 

the integrated circuit was invented, the 

performance and data processing capabilities 

of semiconductors have rapidly improved, 

r evolu t io n i z i ng  a n d  d eve lo p i ng  t h e 

information society. However, improving 

performance by miniaturization of transistors 

alone, as has been the case up until now, 

has become difficult and the introduction 

of new structures and new materials has 

become necessary. This is the reason that the 

history of semiconductor technology has now 

reached a great turning point.

The reason new semiconductor technology 

development is being so energet ically 

pursued by the world’s semiconductor 

industry, public research organizations, 

universities and consortiums etc. is that 

winning through in the coming competition 

to develop technologies will lead to the 

strengthening of the basis securing their 

continued existence, and also enriching the 

source of national industrial competitiveness.

�

Digital Home

Mobile/Broadband

Digital Car

Media Processor, Display

Multiprocessor/Core, NAND Flash Memory

Engine Control, Driving Support System

(Unit:Yen)

Semiconductor Devices

Displays

Automobiles

Electronic Equipment

Japanese Market

5 trillion

2 trillion

40 trillion

23 trillion

ー

ー

U.S. Market

12 trillion

40 trillion

World Market

25 trillion

6 trillion

200 trillion

120 trillion

Establishment of sustainable technological supremacy and
strengthening of new market creation capabilities through new technology are necessary.
Impact of the semiconductors on GDP is ¥200 trillion (40% of ¥500 trillion GDP).

High
frequency
circuits

Analog 
circuits Digital

signal
processing
processorUser

specification
circuits

Processor Flash
memory

Memory

Processing Capabilities of Media Processors

FA
X
/M
od
em

S
ou
nd

V
oi
ce R
ec
og
ni
tio
n

TV
-C
on
fe
re
nc
e

M
P
EG
-1 D
ec
od
er

M
P
EG
-1

M
P
EG
-2

M
P
EG
-2D
ec
od
er

En
co
de
r

En
co
de
r

H
D
TV
 D
ec
od
er
 

H
D
TV
 E
nc
od
er

3
D
 G
ra
ph
ic
s

R
ea
l t
im
e

3
D
 G
ra
ph
ic
s

Akira Matsuzawa, MIRAI Results Report Meeting (2004)

Schematic Diagram of System on Chip (SoC)

0.01

0. 1

1

10

100

1000

10,000
Audio Virtual

Reality

P
er
fo
rm
an
ce
(G
O
P
S
) Video

Pentium III

Complete processing of received TV signal
(35 million components)

Matsushita Electric

System on Chip (SoC) enables wireless/cable communication 
and image/sound data processing and recording 
to all be carried out on one semiconductor chip.
Semiconductors determine the performance
and functionality of digital information home appliances, 
mobile equipment and communications equipment.

etc.

Figure 1：Semiconductor devices in the ubiquitous society Figure 2：Semiconductors that perform advanced data processing

MIRAI Project Builds the IT Society
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AIST and semiconductor research
AIST’s semiconductor research started 

soon af ter World War Ⅱ  whi le in i t s 

previous form as the Electrical Laboratory 

(a n d  l a t e r  a s  t h e  E l e c t r o t e c h n i c a l 

Laboratory) by Michio Hatoyama, Makoto 

Kikuchi and associates. In the early 1960s 

integrated circuit research began with 

Yasuo Tarui at the center. In 1967, Tarui et 

al. performed development of electron beam 

lithography equipment. In 1976 – 1979, the 

VLSI Technology Research Association 

was formed with the purpose of competing 

w i t h  I B M ’s  n e w  c o m p u t e r  s y s t e m 

“Future System”. As a 4-year government 

subsidized project with a research budget 

of ￥72 bi l l ion (of which ￥30 bi l l ion 

wa s  subs idy),  a  l a rge  sca le  na t iona l 

semiconductor project was carried out with 

government and private sector cooperating 

as one to tackle research and development. 

T he  r e s u l t s  of  t h i s  n a t ion a l  p ro je c t 

afterwards supported the rapid growth of 

the Japanese semiconductor industry in the 

1980s. Also, during this period, the original 

model for the current double gate MOS, the 

XMOS, was invented by Yutaka Hayashi 

et al. at the Electrotechnical Laboratory in 

1982. The Japanese semiconductor industry, 

which achieved great success centering on 

semiconductor memory (DRAM) in the 

1980s, has, from the last half of the 1990s 

onwards due to competitive pressure from 

various Asian countries, been gradually 

forced into a hard fight within the world 

market.

Semiconductor MIRAI Project
Given this situation, in order to restore 

t he  c omp e t i t ive ne s s  of  t he  n a t ion a l 

s e m ic o n d u c t o r  i n d u s t r y,  t h e  7  ye a r 

“Mil len n iu m Resea rch for Advanced 

I n f o r m a t i o n  Te c h n o l o g y  ( M I R A I ) 

Project” of the New Energy and Industrial 

Technology Development Organization 

(NEDO) was started in 2001, As a base 

for the focus of research by indust ry, 

academia and gover nment ,  the Super 

Clean Room (SCR Bldg.) was completed 

at AIST Tsukuba at the end of FY 2001. 

MIRAI Project research and development is 

currently proceeding, with the participation 

of AIST and university researchers together 

with company researchers transferred via 

ASET (Association of Super-Advanced 

Elect ron ics Technologies),  for ming a 

cooperative research body with the SCR 

Bldg. as its base of operation. From August 

2001, with 120 industry, academic and 

government researchers and adopting a 

centralized research system with 5 research 

themes, phase 1 (2001-2003) and phase 2 

(2004-2005) research proceeded (Figure 

5). In the 5 years up until the end of phase 

2, a total of ￥22.5 billion was expended 

on research and the technology resulting 

f rom t he  r e s e a r ch  a nd  d eve lop me nt 

done in this per iod was t ransfer red to 

the MIR A I pa r t ic ipant  cor porat ions , 

Selete (Semiconductor Lead ing Edge 

Technologies, Inc.) etc. at the end of FY 

2005. Research is currently continuing for 

technology transfer of certain parts of the 

results.

Today, the issues that present barriers 

to semiconductor technology development 

a l l  requ i re a  re t u r n to t ech nolog ica l 

basic principles in order that proposals 

can be made for methods to overcome 

physica l  l im it s  and that  measu res to 

scientif ically prove the validity of these 

proposals are taken. The basic philosophy 

of  t h e  M I R A I  p r o j e c t  i s  t o  r e a l i z e 

technological breakthroughs through the 

close cooperation between science and 

technology. Base technologies necessary 

for this, such as mater ials, processes, 

equipment and inspection/measurement 

methods have been developed within the 

project.

Three research themes: low-k material 

i n t e r c o n n e c t  m o d u l e  t e c h n o l o g y , 

l i t h o g r a p h y  r e l a t e d  m e a s u r e m e n t 

technology and circuit system technology 

(Figure 5), concluded at the end of FY 

2005, have reached their targets. Technical 

2005 International Technology Roadmap
for Semiconductors
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results were transferred to material makers, 

device makers and consortiums (Selete) etc. 

(see table).

Presently, the results of mask defect 

inspection technology development are 

being conver ted to commercial use by 

an equipment maker. Results f rom the 

development of the cr it ical dimension 

a tom ic force m ic roscope ,  wh ich ca n 

measure 3 dimensionally the size and 

shape of the fine patterns on silicon wafers 

at high accuracy on the sub-nanometer 

level, are planned to be commercialized 

by an equipment maker within a year. 

Two m a t e r i a l  m a ke r s  a r e  a i m i ng  t o 

commercialize the newly developed ultra 

low-k material for use in Cu interconnects, 

and have t aken on responsibi l i t y for 

supplying samples to Selete and device 

makers.

High-k gate insulator f ilm fabrication 

technology has been t ransfer red to an 

equipment maker where it has already been 

turned into a project. The technology was 

also transfered to Selete.

In MIRAI project phase 3 (2006-2010), 

new themes, entrusted by NEDO to Selete, 

are added and a new organization has been 

formed with an AIST/ASET joint research 

body and Sele te pu rsu ing 6 resea rch 

themes (Figure 6). The U-CMOS research 

and development pursued by AIST/ASET 

is scheduled for completion within FY 

2007 as in it ia l ly plan ned. As par t  of 

this, the new transistor structure related 

technology has developed on the results 

of phase 1 and phase 2. It succeeded in 

the development of a uniaxial strained fin 

type transistor (a fusion between a double 

gate MOS transistor and a strain effect 

transistor) that realizes high performance 

CMOS technology (Figure 7). Prototype 

of this device has been fabricated with 

the ful l cooperat ion of device makers 

participating in MIRAI Project. Through 

the know-how accumulation in the research 

and development  process  of  ma ker s , 

the technology will be transferred more 

effectively.

With extreme miniaturization, the ability 

to measure the distribution of impurities 

such as donor, acceptor etc. in device 

regions with the atomic scale resolution, 

a n d  t h e  m e a s u r e m e n t  o f  l o c a l i z e d 

“st ressed” regions in t ransistors have 

become indispensable. MIRAI Project has 

SeleteAIST / ASET

NEDO
research and
development
items

［４］Next generation
 mask base
 technology
 development

AIST / ASET Selete

Watanabe PL/Hirose CSTO*

U-CMOS**
Kanayama RUL****

① New
    structure Tr
    Takagi TL

② Limit gate
    stacks
    Toriumi TL

③ Robust Tr
Hiramoto TL

④Carbon
    interconnection
     Kurino TL

⑤Optical
    interconnection
Ohashi TL

⑥EUV mask
    Suga TL

NSI***
Mogami RUL****

EUVL
Mori RUL****

MIRAI Management Board (AIST/ASET/Selete)

［２］New
 investigative
 interconnection
 technology
 development

MIRAI Project

Chairman: Watanabe
Members: Hirose, Masuhara, Kanayama, Kubota, 

Kawamura (S), Mogami, Mori, Minato

*CSTO; Chief Science & Technology 
Officer

**U-CMOS; Ultrascaled CMOS
***NSI; Nano Silicon Integration
****RUL; Research Unit Leader
*****TL;Theme Leader 

［１］New structure limits
 CMOS transistor
 Related technology
 development

［３］Device/process
 technology
 development for
 high resistance to
 variations in
 characteristics

Gate Gate
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With a CMOS in which strain is added in the <110> orientation and 
current is circulated in this direction, a 2 times improvement of
current drive capability over previous performance is realized
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Strained Si on insulator (SSOI) substrate is used, nMOS is created, 
localized SiGe layer is formed (SGOI) and through creation of pMOS, 
CMOS is achieved

Figure 6：MIRAI phase 3 management system Figure 7 ：Most effective structure for uniaxial strained multigate 
CMOS (modulation of sub-band structure)

Figure 5 ：MIRAI Project Research and Development Structure (2001-2005)

● AIST Advanced Semiconductor Research Center and researchers and technicians from
　24 private companies participating through ASET are brought together to form a joint research body.
● Research & development is pursued with the official authority of the project leader clearly stated.
● Researchers are attached to one of 5 research groups which form a completely
   ‘flat’ structure which aims through the merging of leading edge knowledge at technological breakthroughs.
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Hitachi Kokusai Electric, 
Fujitsu, Matsushita, 
Renesas, ROHM

ACCRETECH, Hitachi Construction Machinery, 
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led the way in the development of these 

technologies (Figure 8). The problem of 

variations in device characteristics will 

become increasingly pressing. In order to 

determine the reasons for the variations, 

it is necessary to accurately understand 

the behavior of dopant atoms under heat 

t reatment, behavior of localized st rain 

in transistor active regions and the local 

f luctuations in gate length, and nanoscale 

spatial resolution measurement is becoming 

increasingly important.

Also, with regard to extremely high-k 

gate stack technology development, a basic 

principle for designing the metal gate and 

high-k materials as one body in order to 

control the transistor threshold voltage has 

been newly established (Figure 9). This is a 

new discovery that will force a fundamental 

re-evaluation of the academic thinking 

on the subject that has existed up till now. 

The demonstration of these kinds of new 

concepts has been made possible because 

prototype equipment that can cont rol 

growth of high-k thin films on the atomic 

scale has been developed in MIRAI Project. 

It will not be long before a complete system 

encompassing equipment, materials and 

device technology appears for the purpose 

of designing and manufacturing high-k 

gate stack structures based on high-k MOS 

transistor threshold voltage basic control 

principles.

It is expected that these results will be 

widely developed for application in the 

semiconductor industry and will create 

innovation in device technology.
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Ultra low-k material technology

Plasma polymer low-k material technology NEC (joint research)

Selete (deposition process development)

Hitachi Kokusai Electric (equipment project)

MOSFET threshold voltage technology

Material deposition technology

End userMIRAI results (new concepts, top in the world)

Device
maker
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(application development, industrial project)

● Research and development adjusted to development application schedules of
device makers at the top of the industry

Toshiba Ceramics/Komatsu Electronic
(joint research)Strained Si, SiGe wafer technology Device

maker

Mask
maker

Device
maker

Toshiba/NuFlare (equipment project)

Hitachi Construction Machinery
(equipment project)

ACCRETECH (equipment project)

Selete (practical machine development)

Miniaturized pattern 3 dimensional
measurement technology

Wafer pattern defect inspection
technology

EUV mask blanks defect inspection
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Mask defect inspection factor technology
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Selete (joint research)TCAD parameter automatic extraction
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Table：Technology transfer of MIRAI development results to industry

Figure 8：Detection of individual impurity atoms in a Si crystal and 
simultaneous potential measurement by STM

Figure 9： Cross-sectional transmission electron microscope 
photograph of high-k gate insulator film consisting of a gate stack 
comprised of 2 layers: HfO2/Al2O3 (left), and profile of composition of 
HfO2/Al2O3/SiO2 layers by depth
It was thought that MOS threshold voltage was determined by the 
characteristics of the upper interface between the NiSi (gate electrode) 
and HfO2, but it is now understood that this is determined by the Al2O3 
and SiO2 lower interface multi atom layer region. The same conclusion 
was reached even when the positions of the upper HfO2 and lower Al203 
layers were swapped over. This discovery, which overturns the popularly 
held academic view, will change CMOS design methods.

Advanced Semiconductor Research Center
 Masataka Hirose
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Obstacles to further miniaturization
Silicon large scale integrated circuits  

(Si LSI) support the hardware side of the 

IT society. The remarkable development 

of  L SI s  h a s  b e e n  a ch ie ve d  t h r o u g h 

miniatu r izat ion of device d imensions 

(sca l i ng)  of  MOSFETs (met a l- ox ide -

semiconductor f ield-effect t ransistors: 

s i n g l e - g a t e  MO SF ETs  o n  a  S i  b u l k 

subs t r a t e)  of  wh ich LSI  c i r cu i t s  a re 

c o m p o s e d  s o  f a r .  A t  p r e s e n t ,  t h e 

semiconductor technology generat ion 

(technology node) has already reached 

the 65 nanometer generation level. It can 

be said that LSI technology has become a 

major part of the nanotechnology.

At the same t ime, we a re forced to 

recog n i ze  t he  s t rong awa reness  t ha t 

e x t r e m e l y  l a r g e  o b s t a c l e s  s t a n d  i n 

t he  way of  cont i nu i ng to  reduce t he 

dimensions of devices in order to increase 

functionality and level of integration as 

has been done up till now. In other words, 

we are starting to notice the misgivings 

that the miniaturization will result in the 

short channel effect and increase in the 

leak current, which causes degradation 

of switching characteristics and prevent 

t he expec ted i mprovement  i n  dev ice 

performance.

XMOS devices breaking through  
the barrier of miniaturization

As a device st ructure to solve those 

i n t r i n s i c  p r o b l e m s ,  a  d o u b l e  g a t e 

MOSFET (init ial ly named XMOSFET, 

after the Greek letter Ξ (X in the English 

let ter) that resembles the shape of the 

cross section of the device) with a top-

and-bot tom gate, was proposed by the 

Electrotechnical Laboratory (now AIST), 

in 1984.

T h e  d ou ble -g a t e  s t r u c t u r e  f i r m ly 

shields the channel from the drain field, 

and the effect of the drain on the source 

is kept minimal. Thus the limit on the 

bulk MOSFET miniatur izat ion can be 

exceeded. Afterwards, in the late 1990’s, 

the scaling limit of silicon devices began 

to emerge as a practical problem. Then the 

effectiveness of the double-gate structure 

was evaluated and the latest edition (2005) 

of the ITRS (International Technology 

Roadmap for Semiconductors) cited the 

double-gate MOSFET as an ultimate MOS 

device.

I n  20 01,  A IST took up t he  X MOS 

technology as one of the priority themes, 

and aimed to establish the XMOS device 

f a b r i c a t io n  t e ch n olog y  t h r ou g h  t h e 

development of original processes such 

as an anisot ropic wet etching (Figure 

1), a neut ral beam etching and an ion 

bombardment retarded etching etc.

Misgivings regarding increase in 
the leak current (inactive power)

Another ser ious problem equal to or 

greater than the miniatur izat ion issue 

�

LSI Technology Aims to Be a New Direction for Development

Figure 1 : Prototype 4-terminal double -gate 
MOSFET (4T-XMOSFET)
Fabricated by using the anisotropic wet etching for 
the well standing-up fin channel, and the reactive ion 
etching (RIE) for the gate separation. Figure 2：CMOS inverter that uses 4-terminal double -gate 

MOSFETs (4T-XMOSFETs)
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i s  the increase in the inact ive power 

due to the leak cur rent. The t ransistor 

threshold voltage Vth is closely related 

to performance and energy consumption 

of LSIs. In order to raise speed, namely 

dr ivability, it is necessary to choose a 

low Vth value and increase the ON current 

Ion, which also causes the increase in the 

standby leak current and inactive power.

Conversely, the standby leak current 

can be reduced by raising Vth, but at the 

same time the ON current is also reduced 

and the operation speed cannot be raised. 

This situation is the same for both the 

bulk MOSFET and double-gate MOSFET 

with a usual common gate, because the 

threshold voltages are fixed in both cases.

New LSI "hot & cool chip"
In cont rast to the above-ment ioned 

s i t u a t i o n ,  i f  t h e  d o u b l e - g a t e  i s 

separated and two gates can be dr iven 

independently, one gate can be used to 

perform switching and the other one can 

freely control the threshold voltage Vth.

Therefore, in the active circuit state, the 

drivability can be increased by raising the 

ON current, and during the standby state 

the OFF cur rent can be decreased and 

the stand-by inactive power is drastically 

reduced. Thus an ideal circuit operation 

is able to be achieved (Figure 2).

I f  t h e  fo u r- t e r m i n a l  d o u b l e - g a t e 

MOSFET (4T-XMOSFET) as an advanced 

XMOS device with such a new function is 

used, it is expected that a ultra low-power 

consumption LSI having optimum power 

control, in other words, a “hot & cool 

chip”, can be realized (Figure 3).

I t  c a n  b e  s a id  t h a t  t he  ubiqu i t ou s 

e le c t ron ic s  (e le c t ron ic  d ev ic e s  t h a t 

a l low us to enjoy the benef it s  of the 

IT technology anyt ime and anywhere) 

wil l  d r ive the IT society, where both 

the advanced data processing function 

and the low energ y consu mpt ion a re 

necessary. Therefore, we believe that LSIs 

composed of the 4T-XMOSFETs will play 

an active part in near future.

Nanoelectronics Research Institute

Eiichi Suzuki

Figure 3 : Unique function of the 4-terminal double -gate MOSFET (4T-XMOSFET) By flexibly controlling Vth, 
both high speed during the active state and low power consumption during the standby state are achieved.
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Nonvolatile function and the  
ubiquitous society

The vast amounts of content data that 

are transferred across the internet, such as 

movies and music, are stored on hard disk 

servers. The mobile music players that are 

necessary items for enjoyment of music 

are achieved by using f lash memory. In 

both of these electronic devices data is not 

lost even if the power is turned off (non 

volatility). The demand for nonvolatile 

devices in various areas is increasing.

I n  o r d e r  t o  s t o r e  t h e  e x p l o s ive l y 

increasing volume of data, further increase 

in the data storage capacity of hard disks 

is indispensable. Also, for the movie data, 

the amounts of data around a thousand 

times larger than that of music data, the 

operating speed of f lash memory is too 

slow. The fact that f lash memory breaks 

after usage of several tens of thousands 

of t imes conf ines the possibi l it ies of 

nonvolatile memory. If high speed, high 

capacity and nonvolatile memory that can 

be writ ten and read unlimited number 

of t imes (universal memory) could be 

achieved, computers that can be used at 

the moment their power is turned on would 

be possible. If logic devices also come to 

have nonvolatile functionality, still greater 

developments can be expected.

With cur rent si l icon semiconductor 

logic circuits, it is necessary for the power 

to be continuously switched on in order to 

preserve data. If nonvolatile logic devices 

could be created which do not lose data 

even if the power is switched on and off 

several thousand times per second, then 

it would be possible to make computers 

which to human beings look as if they are 

continuously operating, but in fact have 

their power switched off for most of the 

time. This is expected to yield dramatic 

reductions in power consumption. We have 

named these “normally off computers” and 

have made them our long term goal.

Spintronic technology using the 
ultimate microscopic magnets

Ferromagnetic materials are the most 

suitable for the achievement of nonvolatile 

memory. Their speed and their ability to 

be written and read an unlimited number 

of times have already been proven by hard 

disks.

However, for use within electric devices, 

a  conve r s ion  b e t we e n m ag ne t ic  a nd 

electric data is necessary. For a long time, 

coils have been used for this purpose but 

their conversion efficiency is low and the 

limits for improvement have been reached.

The new technology called spintronics 

solves this problem. Using this technology, 

conversion between magnetic and electric 

data can be carried out at high efficiency 

without the use of coils.

Each elec t ron t hat  ca r r ie s  elec t r ic 

c u r r e n t s  h a s  t h e  c h a r a c t e r i s t i c s  o f 

an ext remely smal l magnet (spin).  In 

par t icular,  the elect r ic cu r rent which 

f lows out from ferromagnetic materials 

represents a f low of small magnets with 

thei r magnet izat ion d i rect ion al igned 

in the same direction. This spin current 

can only be observed very closely to the 

ferromagnetic material (within about 10 

nanometers) and so using it has not yet 

been possible.

However, nanotechnology has made it 

possible.

Of the consequent results , the most 

wo r t h y  o f  a t t e n t i o n  a r e  t h e  t u n n e l 

magnetoresistance (TMR) devices. These 

are devices consisting of a combination of 

If nonvolatile devices, which do not lose their data even if the power is turned off, can be developed, then 
a great reduction in the electricity consumption of electronic data devices is expected.
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consumpt ion provided by nonvolat i le 

devices many dreams like this, which are 

still to be fulfilled, can become reality.

Nanoelectronics Research Institute

Koji Ando

thin ferromagnetic films and an insulator 

film of thickness in the nanometer range.

T h e  a m o u n t  o f  t h e  s p i n  c u r r e n t 

p a s s i n g  t h r o u g h  t h e  i n s u l a t o r  f i l m 

changes depending on the direction of 

magnetization of the ferromagnetic films. 

By using this phenomenon, magnetic data 

can be read electrically without the use 

of a coil. Performance is indicated by the 

resistance change ratio (TMR ratio).

In 2004, we developed a completely 

new TMR device using MgO crystal as 

the insulator f i lm and achieved a big 

leap in performance. Teaming up with 

a manufacturer, we also succeeded in 

developing mass production technology. 

By including MgO-TMR devices in hard 

disks, a large scale increase in storage 

capacity can be achieved. This technology 

has been already included in hard disk 

drives worldwide.

MgO-TMR devices also represent a 

power f u l  ca rd in the development of 

universal memory. Increasing the capacity 

o f  n o n vo l a t i l e  M R A M ,  w h i c h  u s e s 

ferromagnetic material, was considered to 

be difficult on 2 points of read signals and 

write power. With the appearance of MgO-

TMR devices the read signal problem has 

been completely solved.

All that remains is the wr ite power 

problem. As before, MRAM uses coils for 

this purpose. We are currently developing 

a new type of MRAM (Spin RAM) that 

uses spin current to write magnetic data in 

place of a coil.

Also, aiming towards nonvolatile logic 

dev ices ,  we a re cu r rent ly developing 

s p i n  t r a n s i s t o r s ,  w h i c h  u t i l i z e  t h e 

i njec t ion of  spi n  f rom fe r romag ne t s 

into semiconductors and ferromagnetic 

s e m i c o n d u c t o r s ,  w h i c h  t u r n  t h e 

semiconductor itself into a ferromagnet.

Aiming to produce a "normally off  
computer "

Spintronic technology will lead to the 

real izat ion of mass storage, universal 

memor y and a lso a new t y pe of dat a 

c o m m u n i c a t i o n s  e q u i p m e n t  i .  e . a 

normally off computer. Following the 

f irst appearance of the microprocessor, 

t he re  wa s  a  p roposa l  t o  help  A f r ica 

by combi n i ng sola r  cel l s  w it h  smal l 

computers, but even after 30 years this is 

still to be realized.

W i t h  t h e  u l t r a  l o w  e l e c t r i c i t y 
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