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Silicon technology Nanotechnology
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More-Moore,  More-Than-Moore,  Beyond CMOS

MIRAI project

Nanoelectronics
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Beyond-CMOS devices with novel architectures

CMOS 
base

Charge 
base

CNT
circuit

Ⅲ-Ⅴ channel
Nano-wire

Quantum 
base

Entanglement
base

2007 2035?2020? 2050?

Q-bit
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Increasing
Innovation gaps

Beyond-CMOS

Molecular
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Ge-channel
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MIRAI project and TSC

AIST ASET Selete

TSC ( Tsukuba Semiconductor Consortium ) is a virtual organization 
to enhance collaborative works between Selete and MIRAI.

MIRAI project consists of parts of three organizations.

MIRAI project 
MIRAI ( Millennium Research for Advance Information Technology ) project is  a 
Japanese government support project to develop ultra-low power consumption 
CMOS devices and processes for generations of hp 65nm and lower, stared in 1996.
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TSC ( MIRAI project and Selete ) 

Lithography Room Front-end Room Back-end Room

Location : Tsukuba  Ibaraki, Japan
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Organization of MIRAI

Project Leader / Chief Science and Technology Officer
MIRAI management board （AIST/ASET/Selete）

SeleteAIST / ASET
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NSI : Nano-Silicon Integration
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Rough sketch of TSC R&D Targets

Year of production start
2005 2010 2015 2020

Lithography (EUVL)

45nm 32nm 22nm

EUVL

Half pitch (SoC)
65nm

Production system 
(SoC line)

Bottle-neck
analysis

SOC-oriented
CMOS line 
architecture

3D
channel

Higher-k
Gate

Advanced CMOS
(Ultra scaled CMOS)

Nanostructured
channel

High-k
Gate

Lower-k
Cu

Interconnect
(Novel concept)

Lower-k
CNT

Wireless
Interconnection

Low-k
Cu

Robust
LSI

Dependable
LSI

Combined
variabilities

Variability
(Robust transistor)

Individual
variabilities
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EUVL system

EUV source
（λ=13.5nm)

Illumination 
optics

Wafer
stage

Mo
Si

Projection 
optics

Collector
optics

Reflection type 
mask

MIRAI project development
( No defect is allowed on a mask ! )

■ Quality check and control by 13.5nm 
■ Phase defect detection and control
■ Pattern defect detection and control 
■ Contamination-free carrier

MIRAI project development
( No defect is allowed on a mask ! )

■ Quality check and control by 13.5nm 
■ Phase defect detection and control
■ Pattern defect detection and control 
■ Contamination-free carrier
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EUVL Program schedule

FY 04 05 06 07 08 09 10 11 12 13
Technol. node

Business code

hp90 hp65 hp45 hp32

65 45 32 22

Stage φ1 (hp45)

FFET

EUVL

Selete

(MIRAI) Finalize hp45
litho./mask 
specification

Japan
EUV

Consortia

SFET

EUVA／Leading pj

MIRAI Ⅱ

SFET: Small Field Exposure Tool 
FFET: Full Field Exposure Tool 

φ2 (hp32)

Finalize hp32 
litho./mask 
specification

Final stage
→ Production

(competitive)

ASET-EUV

MIRAI Ⅲ
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Post-Cu interconnect

Barrier 
layer

Cu
Grain

Future issues of 
Cu/Low-k interconnect CNT via in low-k as a post-Cu via

Bundle of
MW-CNT

Multiwall
Carbon

Nanotube

Max. current density is 1,000 times larger than Cu.  

Thermal conductivity is 10 times higher than Cu.

Mechanical strength is 100 times larger than steel.

Ballistic carrier transport  along the tube ( 300K)

Self-organizing growth mechanism (A/R>1000) 

Resistivity
Reliability (EM) 
Process complexity
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CNT via using cobalt catalyst 

Co nanoparticles
on TiN/Ta/Cu

Ni/Ti film, 600°C

Co thin film
on Ti/Ta/Cu

1010 1011 1013

Density of CNTs (/cm2)

1 10 102 103 104

103

104

10-1

10-2

105

106
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10

1

Number of CNTs in a via
105 106

Cu via

W plug

1012

Diameter of via: 2 μmmφ

450°C
510°C 

450°C
510°C

Target
40 nmφ via

CNT via grown at 450 ℃
using cobalt nanoparticle
catalyst on TiN/Ta/Cu

2 μmφ via

A detail will be reported at this 
conference  tomorrow pm, 
by Dr. Y. Awano of MIRAI project
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Number of mutilayers of interconnect 
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Multilayer interconnect

M.Yamashina’s simulation ( 0.01μm Si LSI Symposium in Tokyo 1997)
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On-chip optical interconnect

Micro waveguide

Nano-photodiode

Optical Connector

Amplifier＋Clock 
generator Micro EO 

modulator

Micro AWG

Circuit block

2. Global interconnect or 
interconnect between chips

Nano-waveguideNano-waveguide

Micro EO deviceMicro EO device

External WDM light 
source

External WDM light 
source

Micro AWGMicro AWG

On-chip integration with Si 
LSI and nanophotonics

Nano-photodiodeNano-photodiode

・On-chip high speed clock sharing with 
less skew and low noise.

・High speed communication by 
wavelength multiple optical  
transmission within blocks and chips.        
（>100Gbps）

1. Clock sharing
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Optical micro devices for on chip interconnect

K. Ohashi, ISSCC 2006

Micro EO Modulator

10-100 μm

Low Voltage :      ~1V
Speed Response:  >20GHz

-0.001

0

0.001

0.002

0.003

-10 0 10 20 30

E　(kV/cm )Electric Field,  E (kV/cm)
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X 6‐10 Lithium Niobate

: 17 pm/V

Aerosol-Deposited PLZT
:100-170 pm/V

50 µm
Arrayed waveguide gratings ( AWG )

Sharp bending  ( loss<0.1 dB )

Branching
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Need for Vth variability control in SRAM

Variability science and control : an urgent issue of SRAM in SoC
Decreasing SRAM operation margin with lowering supply voltage

Drive T r 

Load Tr

65nm
hp 45nm

Vth variation of SRAM
90nm

Large-scale SRAM operation region

0.20

0.30

0.40

0.50

0.60

0.30 0.40 0.50 0.60 0.70
Drive Tr, Vth (V)
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65nm

45nm

90nm

SRAM 
Operating 

region

Transistor 
variation

SRAM layout
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Variability issue in future LSI
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10nm100nm1000nm

Device Generation

Before
improvement

Electrical property variation
simply correspond to process 
variation
・Vth ⇔ DL
・Ion ⇔ DTox

Electrical property variation complexly 
correspond to many  kinds of process 
variation
・Vth ⇔ DL, DN (impurity),

DStress
・Ion ⇔ DTox, DN (impurity),

DStress

After 
improvement

・process defect

・film thickness variation

・etching profile variation

・cleaning variation ・LER

・dopant fluctuation

・local stress

・composition variation

Vth, 
Ion….

100

50

0

<100nm Process generation
Yield improvement strategy

Device structure improvement
Circuit design improvement
Process improvement
by analyzing combined reasons

Variability-robust
transistors and LSI

>100nm Process generation
Yield improvement strategy

Process improvement
by one-by-one analysis
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T.Eimori, SFJ2006 
Modified by H.W.Evolution of CMOS miniaturization

SDE, pocket

0.18 μm

Dual poly-Si Gate

0.35 μm

PMOS drivability improvement

Oxynitride film

0.13 μm

Gate leakage 
improvement

Plasma ON film

70-90 nm

Reliability of 
gate insulator

Local Strain

40-60 nm

Mobility 
enhancement

Ultra-scaled 
Planar CMOS

10-15 nm

Higher-k/Metal gate

Lg =1.0 μm

Relax. of  lateral 
electric field

LDD

0.5 μum

Decrease in 
parasitic R

CoSi2

20-30 nm

Leakage control 
Reliability

Robustness

High-k

Scaling rule evolution

Booster-assisted evolution

Non planar CMOS

10-15 nm

3D Multi gate
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CMOS booster technologies

Source

Gate

Planar CMOS

Drain

Metal 
gate

High-k gate 
dielectrics

Mobility 
enhancement

Thin body SOI

D
ra

in

So
ur

ce

High-k gate
dielectrics

Non-planar CMOS

Mobility 
enhancement

Metal 
gate

Multi-gate
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Mobility Enhancement Technologies

Strain Control Others

Crystal 
Orientation

Multi
channel

SiN Stressor＆SD Stress

High-μ
Materials

Multi-bridge 
channel

Hybrid Orientation 
Technology (HOT)

SiGe channel/(110)Si
GOI (Ge on Insulator)

Ⅲ‐Ⅴ

NMOS   PMOS   
T. Ghani, IEDM' 03

Si/SiGe Channel STI Stress

Strained Channel
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Formation of strained Si SOI substrate

N. Hirashita et al., Proc. SOI conference (2004) p.141 

8 inch strained Si SOICommercially 
available SOI 

substrate Si sub.

Si
BOX

SiGe
epitaxial growth

Si1-xGex
(x>0.1)

Si sub.

Si
BOX

Si1-xGex ( x > 0.3 )

High 
temperature 
oxidizationSiO2

SiO2 
removal Si

epitaxial growth

Strained Si
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Formation of GOI (Ge-On-Insulator) substrate

6 inch GOI substrateSi sub.
BOX

SiO2

Ge

Si sub.
BOX
SiGe

Ge SiO2

Si sub.
BOX
SOI

SiGe

Residual Si concentration
< 0.01 % （SIMS)

BOX

SiO2

Ge7 nm100nm BOX

Surface Oxide

Ge

GOI thickness can be controlled 
in the range of 35nm～2nm by 
adjusting Ge concentration of 
initial SiGe epitaxial growth
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Gate stack management

Gate stack structure management is dependent on applications ( LSI makers)
High performance (HP),  Low operation power (LOP) or Low stand-by power (LSTP),
with a resultant choice of single-or-dual high-k, single-or-dual metal, on bulk-or-SOI 

and gate-first or gate-last process 

Higher-k 
Less defect
Interface flatness

Jg control
Vth control

WF adjustment 
( FLP control )
Symmetric Vth
Interface charge
control

High mobility and high reliability are 
must after total integration process.

Silicon

IL

High-k

Metal

Si

IL

High-k

Metal
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Quality control by annealing process
No Anneal PSA (1050 ℃)

NiSi

HfAlON
IL

NiSi

Si Sub. Si Sub.

HfAlON
IL

control 950 1000 1050 1100
PSA Temperature　[℃]

-Jg (@
 V

fb-1V
)[A

/cm
2]
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100
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2 /V
s]

150

100

200

0.6

0.8

1.0

1.2

1.4

1.6

850 900 950 1000 1050 1100 1150
Annealing Temperature [℃ ]

EO
T 

[n
m

]

control

PSA

PDA

High-k deposition

Si deposition

Matal (Ni) deposition

PDA

PSA

7%[Al]=19%

No Anneal
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Control of FLP by changing Al content in HfAlON

10-10

10-8

10-6

10-4

-1.5 0.0 1.5
Gate voltage (V)

D
ra

in
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ur
re

nt
 (A

)

p+poly n+poly

[Al]

(at%)

0
7 

20
40
80

FLP position

Ec

Ev

Symmetric Vth can be obtained
at [Al] 25 at.% for poly-Si.

M. Kadoshima et al., VLSI Symp. 2005 p.70

HfON
HfAlON

Al2O3

HfAlON is an attractive 
material because it can 
obtain a symmetric Vth of 
NMOS and PMOS by 
controlling Al concentration. 
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Targets of Hf-based gate stack leakage current
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2 )

10 -8

10 -6

10 -4

10 -2

10 2

0.5 1.0 1.5 2.0 2.5 3.0

SiON

1

HfSiON
(reported)

EOT (nm)

10 4

HP(hp45)

HP(hp65)

Data plotted are reported values in 
Hf-based high-k cases at Vg=VFB-1 
(V). 

HP(hp57)

MIRAI (HfAlON: hp32-22)
Selete (HfSiON: hp45-32)

Our target 
( LSTP at hp32 and below )

Modified from the figure reported by A. Toriumi et al. ( Microelectronic Engineering 80 (2005) 190 )

K. Sekine et al., 
Ouyoubuturi vol.73 
No.9 1200 (2004)

ITRS ( HP )

ITRS ( LSTP hp 32)
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Metal-gate / High-k gate stack management

Metal (Vth )
(WFM)

High-k (Jg↓）

Si 
(channel)

nMOS pMOS

HfLaO HfAlO

N I/I F I/I

TaC, NiSi, HfSi, 
Ta(Tb, Er, Yb)N, 
(Ta, Hf, Mo)SiN

Pt, Ru, Re, PtSix, Ni3Si, 
MoNx, TiSiN, TiCN, 

HfSiON, HfO2 ,HfAlON

Metal（Ω↓） W,  poly-Si

IL（μ↑） SiO2,  SiON
Non I/I

La2O3 Al2O3,AlNHigh-k (Dipole 
charge）

All materials and elements shown here are reported at VLSI2005, VLSI2006, 
IEDM2004 and IEDM2005.

More material combinations are proposed in world-wide patents.



 

27

Metrology and characterization by MIRAI project

LER 3D measurement 
by laser interference 

CD-AFM

400nm
Probe

Scanning 
probe 

metrologyStrain 
Impurity position

CD 
Edge roughness

ゲ
ー

ト
電

極 A detail will be reported 
at this conference  on 
March 29 pm, 
by Dr. T. Kanayama of 
MIRAI project

Surface potential and 
impurity position 

measurement by STM

40 nm

n+: As I/Ip (B-dope)

Strain distribution 
measurement by AFM 

probe near-field Raman 
scattering

Nano
silver

Raman 
scattering
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Huge semiconductor applications grown  in Japan

（出典: 総務省）

１ヵ月の通信料金
( 毎秒 100 ｷﾛﾋﾞｯﾄ あたり、ドル)

2.71ニュージーランド

2.56マカオ

2.21シンガポール

1.27香港

1.15ベルギー

0.25韓国

0.09日本

2000

4000

8000

10000

2002 年末 2007 年末

【インターネット利用人口】【インターネット利用人口】

6,942 万人

1,955 万人

5,967 万人

8,892 万人

ﾌﾞﾛｰﾄﾞﾊﾞﾝﾄﾞ利用割合

3 割

7 割

（万人）

6000

日本、安さ・速さで世界一日本、安さ・速さで世界一

【ﾌﾞﾛｰﾄﾞﾊﾞﾝﾄﾞ・ﾗﾝｷﾝｸﾞ【ﾌﾞﾛｰﾄﾞﾊﾞﾝﾄﾞ・ﾗﾝｷﾝｸ】゙】

（出典: ＩＴＵ）

Broadband communication 

携帯電話のインターネット対応率携帯電話のインターネット対応率

6.8 %

8.9 %

11.7 %

13.8 
%

33.9 %

74.9 %

79.2 %日本

韓国

中国

ドイツ

フランス

米国

イギリス 2002年9 月時点
（出典：総務省「情報通信白書」）

1999 2000 2001 2002 2003

各年3月末 （出典：総務省）

固定電話／携帯電話の契約数固定電話／携帯電話の契約数

固定電話固定電話
（加入電話（加入電話++ ISDN)ISDN)

携帯電話携帯電話
（携帯電話（携帯電話++ PHS)PHS)

8,1128,112 万万

6,0776,077 万万

Mobile communication 
BS デジタル

地上波ﾃﾞｼﾞﾀﾙ

書斎

リビング

キッチン テラスなど

無線無線 LANLAN

光ファイバ

Digital home

Digital entertainment 
HONDA SONY

NEC AIST

Partner Robot Eco/digital car

Various semiconductor devices are key   
components for their performances.
Ultra-low power consumption of LSIs is

a strong demand in all these applications.

FL
O

PS

1990 1995 2000 2005 2010 2015

Blue Gene
：Japan
USA

Supercomputer

Earth simulator

Exa

Peta

Giga

Mega
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Japan’s next semiconductor market ; Partner robot

Honda

NEC

AIST

Sony
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Any kind of next generation semiconductor applications 
including partner robots or supercomputers needs high 
performance with  extremely low power consumption.
MIRAI project is focusing on low power CMOS technologies
in the nanoelectronics era.

Thank you for your attention !
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