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Integrated Circuits Technologies are 
still very important for Green or power 
saving!saving!

1. Green by Integrated Circuitsy g
Power saving by Microprocessor control for 
all the human systems

2. Green of Integrated Circuits
P i f I t t d Ci it b DPower saving of Integrated Circuits by Down 
Scaling of MOSFETs in PC, Data Center, 
Router, etc.



Down scaling is the most effective way of

It has been al a s disc ssed abo t the limit of

g y
Power saving.
It has been always discussed about the limit of 
downscaling, but the down scaling of MOSFETs 
is still possible for another 10 or 20 years!

3 important technological items for DS

1 Thi i f hi h k b d 0 5

3 important technological items for DS.

1. Thinning of high-k beyond 0.5 nm

2 M t l S/D2. Metal S/D

3 Si N i FET3. Si-Nanowire FET
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Scaling of high beyond 0.5 nm is important

Power of  FET = CV2/2 ∝D3  (=L3)
Problems
SCE
Variation in Vth
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リーク電流
閾値ばらつき

ゲート絶縁膜厚もゲート長と
N N

ゲ ト絶縁膜厚もゲ ト長と
同時に縮小する必要がある

Solution

ITRS2007



Direct contact of high‐k to Si
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Still SiO2 or SiON
Is used at Si interface
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EOT=0.5nm

One order of Magnitude

Si
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Direct Contact
Of high-k and Si

Direct contact
High-k/Si

Po EOT 0.5nm

EOT can be reduced further beyond 0.5 nm by using direct contact to Si
By choosing appropriate materials and processes.
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Cluster tool for high-k thin film deposition

E-Beam Evaporation
8 different target

Sputter for metal
5 different target

Preparation
Room

8 different target
Flash  Lamp
Anneal
Micro to mille-seconds

g

Robot 
roomRoom room



h ll ＥＯＴChallenge to ＥＯＴ~0.3nm

EOT<0 5 ith G i i D i C tEOT<0.5nm with Gain in Drive Current
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EOT below 0.4nm is still useful for scaling



Si Nanowire FET
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FinFET to Nanowire

Gate Oxd
Gate electrodeSurface

Channel
Source Drain

I /I ff 52200
Ion/Ioff=230000

Ion/Ioff=52200

Channel conductance is 
well controlled by Gate

F.-L.Yang, VLSI2004

well controlled by Gate
even at L=5nm
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NanowireNanowire FETFET

Nanowire FET

Multiple Gate (Fin)FET

ITRS 2009 Bulk → Fin → Nanowire

SiナノワイヤSi Nanowire

Fin
Bulk or SOI



Si nanowire FET as a strong candidate

1 Compatibility with

1
S D1. Compatibility with 

current CMOS process

2 Good controllability of IOFF

Off電流の

カ トオフ
cut-offOff電流の

カ トオフ
cut-off

Wdep

Leakage current2. Good controllability of IOFF

3 High drive current

カットオフカットオフLeakage current

3. High drive current
Gate:OFF

Drain Source

Gate: OFF
drainsource

Gate:OFF
Drain Source

Gate: OFF
drainsource

1D ballistic
d ti

Multi quantum
Channel High integration

of wiresバンド図バンド図conduction of wires
E

量子チャネル
量子チャネル

量子チャネルQuantum channel
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Quantum channel

12



10000 bulk10000 bulk10000 bulk
Off Current

FinFET
SiNWFET
GeNWFET

FinFET
SiNWFET
GeNWFET

FinFET
SiNWFET
GeNWFET

1000 ITRS(Planer)
ITRS(SOI)
ITRS(DG)

DG
ITRS (SOI)ITRS

(Bulk)/u
m

) 1000 ITRS(Planer)
ITRS(SOI)
ITRS(DG)

1000 ITRS(Planer)
ITRS(SOI)
ITRS(DG)

DG
ITRS (SOI)ITRS

(Bulk)/u
m

)

100
ITRS (DG)

( )

ff
(n

A
/

100100
ITRS (DG)

( )

ff
(n

A
/

10

dia~10nmIo
f

1010

dia~10nmIo
f

10 Bulk
dia~3nmSi Nanowire

1010 Bulk
dia~3nmSi Nanowire

1
0 1000 2000 3000 4000

1
0 1000 2000 3000 4000

1
0 1000 2000 3000 4000

Ion (uA/um)Ion (uA/um)
13



Increase the Number of quantum channels 

By Prof. Shiraishi of Tsukuba univ.

4 channels can be used

EEg

Eg

Energy band of  Bulk Si

Energy band of  3 x 3 Si wire
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Maximum number of wires per 1 µm
6nm

6nm pitch
By nano imprint method

Front gate type MOS 165 wires /m

Metal  gate electrode(10nm)

By nano-imprint method

High-k gate insulator (4nm)
Si Nano wire (Diameter 2nm)

Surrounded gate 
type MOS

33 wires/m 30nm

30nm pitch:30nm pitch: 
EUV lithograpy

Surrounded gate MOS15



SiSi

Increase the number of wires towards vertical dimension
Si
SiGe
Si

(b) Dry Etching(a) Si/SiGe/Si

Si
SiGe
Si

(b) Dry Etching(a) Si/SiGe/Si (b) Dry Etching
epitaxial wafer

(b) Dry Etching
epitaxial wafer

(c) Selective Etching (d) H2 Annealing(c) Selective Etching (d) H2 Annealing

(e) Gate Oxide (f) Gate, S/D Formation(e) Gate Oxide (f) Gate, S/D Formation

Si
SiGe

SiSi
SiGe

...

Selective EtchingDry EtchingSi/SiGe multi
stacked wafer

H2 Annealing
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SiNW Band structure calculationSiNW Band structure calculation



Cross section of Si NW

First principal calculation,

[001] [011] [111]
D=1.96nm D=1.94nm D=1.93nm

[ ] [ ]



Si nanowire FET with 1D Transport
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Atomic models of a Si quantum dot and Si nanowires

6.6 nm diameter SiQD
（ 8651 atoms）

20 nm diameter Si(100)NW 
（ 8941 atoms ）

10 nm diameter Si(100)NW
（ 2341 atoms）



Real-Space Finite-Difference

RSDFT – suitable for parallel first-principles calculation -
Higher-order finite difference pseudopotential methodReal Space Finite Difference

Sparse Matrix
FFT free (FFT is inevitable in the conventional plane-wave code)

3D grid is divided by several regionsMPI ( Message Passing Interface ) library

Higher order finite difference pseudopotential method
J. R. Chelikowsky et al., Phys. Rev. B, (1994)

Kohn-Sham eq. (finite-difference)

3D grid is divided by several regions
for parallel computation. 
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Massively Parallel Computing with our recently developed code “RSDFT”y p g
Iwata et al, J. Comp. Phys., to be published

Real-Space Density-Functional Theory code (RSDFT)

Based on the finite-difference pseudopotential method (J. R. Chelikowsky et al., PRB1994)

Highly tuned for massively parallel computers

Computations are done on a massively-parallel cluster  PACS-CS at  University of Tsukuba.

(Theoretical Peak Performance = 5.6GFLOPS/node)

e.g.) The system over 10,000 atoms → Si10701H1996
(7.6 nm diameter Si dot)
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Band Structure and DOS of Si(100)NWs (D=1nm, 4nm, and 8nm)
D=4nm D=8nmD=1nm
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D = 4 nm
Si341H84（425 atoms)

D=8 nm
Si1361H164 (1525 atoms)

D=1 nm
Si21H20（41 atoms) Si341H84（425 atoms)

KS band gap = 0.81eV
Si1361H164 (1525 atoms) 
KS band gap=0.61eV

Si21H20（41 atoms)
KS band gap=2.60eV

KS band gap of bulk  (LDA) = 0.53eV



Band structure of 8-nm-diameter Si nanowire near the CBM
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The band structure can be understood that
electrons near the CBM in the bulk Si are 
Confined within a cylindrical geometry.Confined within a cylindrical geometry.



Si12822H1544

Si nano wire with surface roughness 

Si12822H1544

Si12822H1544（14,366 atoms）

Top View Side View

（ , ）
･10nm diameter、3.3nm height、(100)
･Grid spacing：0.45Å (~14Ry)
･# of grid points：4,718,592g p
･# of bands：29,024
･Memory：1,022GB～2,044GB



SiNW Band compact modelSiNW Band compact model



Landauer Formalism for Ballistic FET

S

Qf

Qb

Energy
E2maxS

D

Qb

E2min E2min

xO xmax xmin
S


E1qVD

k
D

E0

Qb

From xmax to xmin
Qf

b

 
 







 









 BiS

i
B

D TkE
TkEgTkGI

/)(1
/)(exp1ln 0

0


 
 



 i BiD TkEq /)(exp1 0



IV Characteristics of Ballistic SiNW FET
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Model of Carrier Scatteringg

Linear Potential Approx. ： Electric Field E

Elastic Backscatt.
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Résumé of the Compact ModelRésumé of the Compact Model
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I-VD Characteritics (RT)I VD Characteritics (RT)
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SiNW FET Fabrication



SiNW FET Fabrication
S/D & Fin Patterning

30nm

Sacrificial Oxidation
30nm

30nmOixde etch back

SiN sidewall support formation 30nm
Gate Oxidation & Poly-Si Deposition
Gate Lithography & RIE Etching

30nm

Ni SALISIDE Process (Ni 9nm / TiN 10nm)

Gate Lithography & RIE Etching
Gate Sidewall Formation

( )

Standard recipe for gate stack formationBackend



(a) SEM image of Si NW FET (Lg = 200nm) ( ) g ( g )
(b) high magnification observation of gate and its sidewall.

34



Fabricated SiNW FET
イメージを表示できません。メモリ不足のためにイメージを開くことができないか、イメージが破損している可能性があります。コンピュータを再起動して再度ファイルを開いてください。それでも赤い x が表示される場合は、イメージを削除して挿入してください。
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Recent results to be presented by ESSDERC 2010 next week in Sevile
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On/Off>106、60uA/wire



Bench Mark
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Bench MarkBench Mark
Thi k R f[11] R f[12] R f[13] R f[14] R f[15] R f[4]This work Ref[11] Ref[12] Ref[13] Ref[14] Ref[15] Ref[4]

NW Cross-section (nm) Rect. Rect. Rect. Cir. Cir. Elliptical Elliptical 
NW Size (nm) 10x20 10x20 14 10 10 12 13x20

Lg (nm) 65 25 100 30 8 65 35
EOT or Tox (nm) 3 1.8 1.8 2 4 3 1.5

Vdd (V) 1.0 1.1 1.2 1.0 1.2 1.2 1.0
Ion(uA) per wire 60.1 102 30.3 26.4 37.4 48.4 43.8

Ion(uA/um)   by dia. 3117 5010 2170 2640 3740 4030 2592
Ion(uA/um) by cir. 1609 2054 430 841 1191 1283 825

SS (mV/dec.) 70 79 68 71 75 ~75 85
DIBL (mV/V) 62 56 15 13 22 40-82 65

Ion/Ioff ~1E6 >1E6 >1E5 ~1E6 >1E7 >1E7 ~2E5

Ref[11] by Stmicro Lg=25nm,Tox=1.8nm
This work Lg=65nm,Tox=3nmThis work Lg 65nm,Tox 3nm



IIONON/I/IOFF OFF Bench markBench mark

Planer FET
S K i IEDM 2009 431

1.0～1.1V

S. Kamiyama, IEDM 2009, p. 431
P. Packan, IEDM 2009, p.659

Y. Jiang, VLSI 2008, p.34
SiナノワイヤFET 1.2～1.3V

g, , p
H.-S. Wong, VLSI 2009, p.92
S. Bangsaruntip, IEDM 2009, p.297
C. Dupre, IEDM 2008, p. 749Lg=500～65nm

S.D.Suk, IEDM 2005, p.735
G.Bidel, VLSI 2009, p.240





Electron Density
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Primitive estimation !
12000

コンパクトモデルの完成Compact  model

Primitive estimation !

10000)

SiNW (12nm×19nm)(33)

pMOSの高性能化

低EOT実現技術Small EOT for high-k

P-MOS improvement

8000

A/
m (26)

今回用いたI の仮定

S/D寄生抵抗低減技術

pMOSの高性能化P MOS improvement

Low S/D resistance
A ti
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今回用いたIONの仮定
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Our roadmap for R &D 
Source: H. Iwai, IWJT 2008

Current Issues
Si Nanowire

Control of ire s rface propertControl of wire surface property
Source Drain contact
Optimization of wire diameter

III-V & Ge Nanowire
High-k gate insulator

Compact I-V model

g g
Wire formation technique

CNT:
Growth and integration of CNT
Width and Chirality control 
Growth and integration of CNT

Chirality determines conduction 
types: metal or semiconductor

Graphene:
Graphene formation technique 
Suppression of off current

types: metal or semiconductor 

Suppression of off-current 

Very small bandgap or 
no bandgap (semi-metal) 

Control of ribbon edge structure 
which affects bandgap 43
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