2011 5 25



1972

1973 (

NMOSLSI 1kbit SRAM 64kbit DRAM 1Mbit SRAM
BICMOS RFCMOS
Sub-50nmCMOS

1983 3 84
1999 3 (
1999 4

2011 5

Nano-CMQOS, high-k, Si-nanowire, IlII-V MOSFET, ReRAM

IEEE, President, Electron Devices Society
Director, Div |
Member, Board
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75 mm, 100 mm, 50 mm



200mm/1990 300mm/2001 450mm/2012? 675mm/2025?

<+ (125/150mm - 1981)
13 13 13
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Eniac: 1946

17,468 70,000 10,000
24m 2.5m 0.9m 30 150kW

pocket PC

Tl

P



SD

Lexar
Professipnal

= P

128cs

133x Speed
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SD

Lexar
Professional

= P

1280

133x Speed

128GB = 128Gbite

= 128G X 8bit = 1024Ghit

= 1.024T(Tera)bit
(1bit: “0”

1T = 1012 =

60
) 100 1000

1000

“17)
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SD

Lexar
Professional
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Lexar
Professional

:i:i

12868

33x Speed

2.4cm( X 3.2cm( X 0.21cm(
1. 6cm3 29

2.7 - 3.6V

ocm X 5cm X 10cm 100g 100W
1Thit=1 =1 X1 X1

= 0.5km X 0.5km X 1km
= 0.25 km3 = 0.25X1012cm3

= 0.1 kgX1012 = 0.1X10%0n =1 ton
= 0.1kWX1012=500 kW

5500 kW

13



C)

P= CV?4/2

CV

PC

100 W
10
Cray XT6(

W

/7/000kW



C)
Vv |

1= Q/I=CVI/I
CV




—

1900 1950 1960 1970 2000

Transistor IC LS| ULSI

10 cm cm mm 10 um 100 nm
10'm  102m  10%m  10°m  10m

100
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128GB SD 4
- 1bit 4X10% >4

240n =

-1 -2, -3,-4, -5, -6, -7 -8, -9,-10,-11;12

-20 -21, -22,-23,

-9: nano, -12:pico, -15: femoto, nm=
-18: atto, -21: zept, -24: yocto (
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Green by IC (IC: Integrated Circuit)

Green of IC

PC, :
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1906: EZ°E - 1996 50

1997 100
2006 100 50

100 2005




Lee De ForestW4 A D=

1906 Lucille Sheardown
1907 Nora Blatch
1912 Mary Mayo, smger

de FOREST B

LEE | MARIE
!

1873 — 1961

e 25



[
|~ |
I
Cathode I Anode
(heated)  Grid (Positive bias)
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J. E. LILIENFELD

DEVICES FOR CONTROLLED ELECTRIC CURRENT
Filed March 28, 1928

Pateated Mar, 7, 1933 1,900,018

UNITED STATES PATENT OFFICE

JULTUM EDOANR LILIENFILD, OF AROOKLYN, WIW TOLX
DEVICE FoR CONTROLLING ELZCTRIC CORRENT

Applisation Lled Masek EBR, 1000 Bevlal Moo 20007L

J. E. LILIENFELD
DEVICE POR CONTAOLLING ELECTRIC CURRLNT :
g Filed March 28, 1928 Shestla=Sheet 1

W‘ 4. = £7 D

LI 1)
AN RN RN RN I Corrm S f o't

S 16
AlLOSY 277 7% %725 o

Al ::
GHl % 2 |

S ?\\\\\}3\\*\\\\\%\&\3\% WE Conmer Sudiide

T T

MOSFET

J.E.LILIENFELD

27
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MOSFET (Metal Oxide Semiconductor Field Effect Transistor)

metal or n+-Si « 1) G(
SiO, ( .
) + — 1 o—- —0
DS% oS Q sov) — > D@V
/ (
‘MOS’
‘FET’

NMOS



MOSFET

metal or n+-Si «
SiO, (
n+-Si n+-Si
p-Si /
Si ( =0V)
4 e
-0.7V
oV | (builtin n%YSi
. Potential) !

n*-Si

p-Si

<« Sj




Liliendfeld 1928 MOSFET

MOSFET 30

Shockley






Ge
MOSFET
1950-70

3 1956 J. Bardeen W. Bratten,

P E

W. Shockley
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1958 I D ERE

Ge

Jack S. Kilby

Texas Instruments

2001
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1959: ZFZHID 7L —F %

S

B

Robert N. Noyce

Intel
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MOSFET
D. Kahng and M. Atalla

Si

T

Si/Si02
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1970FE R H H SMOSERBE A T

DRAM Intel 1103 MPU Intel 4004
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1960

1970

1980

1990

2000

IC (Integrated Circuits) ~ 10

LS| (Large Scale Integrated Circuit) ~1,000

VLSI (Very Large Scale IC) ~10,000
ULSI (Ultra Large Scale IC) ~1,000,000
?LSI (? Large Scale IC) ~1000,000,000

10
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N-MOS
(N-type MOSFET)

Gate

Source Drain
Electron flow
<@— Current flow
AR Gate
(P-type MOSFET) E
Source | P-Si P-SI | Drain
Hole flow

—

Current flow

39
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CMOS (Complementary MOS)
1963 C. T. Sah and F. Wanlass (Fairchild)

CMOS

NMOS PMOS
NMOS PMOS

CMOS Inverter

y =1 1ve =07 1V¢
> E_o ﬁ ﬁ%@
o s OV s OV

40
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1970

1970
1980
1980
1980

2000

lum:
0.5um:

0.25um:

0.1um:

50nm:

SCE
S/D resistance
Direct-tunneling of gate SiO,

‘0.1um brick wall’(various)

‘Red brick wall” (various)



VLSI 1979

INTRODUCTION TOW@D SYSTEMS

CARVER MEAD « LYNN CONWAY

IR 43



INTRODUCTION TO VL=l SYSTEMS

LS

S RPN TH

CA=F-L.ax2:{#%K ¥HALNBRITH FHAH VLS UAR TH & B2 LR




VLSI textbook

Finally, there appears to be a fundamental
limit ° of approximately quarter micron
channel length, where certain physical effects
such as the tunneling through the gate
oxide ..... begin to make the devices of
smaller dimension unworkable.
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Lg(

Id (mA / jum)

0.03

0.02

0.01

0.00

0.01

G
S D
1.5nm MOSFET
Lg =10 um Lg =5 um
_ vg=2.0V 0.08 |
Vg =2.0V
0.06 |
sV
0.04 |
1.0V
0.02 |
0.5V
0.00
0.0V 7 0.0V
, , -0.02 , ,
00 05 1.0 1.5 00 05 1.0 1.5
vd (V) vd (V)

0.4

0.3

0.2

0.1

0.0

1.5nm
Lg =1.0 um
Vg = 2.0V

5V

1.0V
i o5v
0.0V

0.0 0.5I 1.0I 15
vd (V)

1.6

1.2

0.8

0.4

0.0

Lg =0.1um

Vg =2.0V

1.0V

o5V

(=4
(=]
&

0.0

0.5 1.0 1.5

vd (V)



D
T
Gate leakage: Ig oc Gate Area o« Gate length (Lg)

Drain current: Id oc 1/Gate length (Lg)

Lg = small,
Then, Ig = small, Id = large, Thus, Ig/ld = very small

Lg=10ym  Lg=5um  Lg=1.0pum

003 | yg=20v 0.08 | 04 | 16
Vg = 2.0V Vg = 2.0V
|(j 0.02 0.06 | 03 | 12
AV
5V
q 0.01 004 L 02 | 0.8
10V
—_ 1.0V
% 0.00 002 | o1 | 0.4
< 05V
E 05V
2 o001 0.00 0.0 0.0
00V AAY/
04 . . -0.02 . . 0.1 . . 04
00 05 1.0 15 00 05 1.0 15 00 05 1.0 15

vd (V) vd (V) vd (V)

Lg =0.1um

Vg=2.0V

05V

VAT A"

0.0

0.5 1.0

vd (V)

15
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Transistor Scaling Continues

22nm node
32nm node n_ SIFWFET
45nm node 7 ' vy
X 4 s S fmmw

strained 51 FET

65nm node =k [

90nm node

~30% every two years
E ‘kﬁu\\
i

ITRS 2003 (HP)
1 ! - - -

2000 2005 200 2018 2020

Qi Xinag, ECS 2004, AMD
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Moore 1 0.7

1970 10pm = 8um - 6um - 4um -> 3um - 2um -
1.2mm = 0.8um - 0.5um - 0.35um - 0.25pum - 180nm
- 130nm - 90nm - 65nm -> 45nm - 32nm 2011

1970 - 2011 40 17 1/300 1/100,000
1kbit DRAM - 64Gbit Flash
75kHZ - 3GHz

51



4 MOSFET
32nm -2 22nm -2 16nm =2 11.5nm -2 8nm =2
55nm? =2 4nm? -2 3nm? 2 ----->0.3nm

1 (S =0.3 nm

14



1) MOSET
2) MOSET
3)
4)
5)
6) MOSET
/)
8)
9)

MOSFET



MOSFET

Multi-core

E-CAD tool

Nehalem (Intel)

2,4 or 8 Cores
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MU) DRAM)
TSMC

ST
SMIC

22nm TSMC



== )
lin millions)
1,800

1,600 |
1,400 |
1,200
1,000 |
800 -
600 -
400 -

200

Desktop PC’s

2006 2007 2008 2009 2010 2011 2012 2013 2014

By SMIC @CSTIC 2011, Shanghai
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Semiconductor Revenue ($B)

350 = Semiconductor ($B) _ = 100
i )
= \\ afer Output (12" eg/Yr in M) <4 & 1lgp £
300 + e T y
L8 =
o3
250 L0 =
200 + -+ 60 %
(]
+5 &
150 + -
£ 40 _E_
100 + 1 30 9
&
12 =

50 +
-+ 10
0 | | | | | | | | | | | | | | | 0
) o N v o o $ e & & Q & N3 N
o) S Q Q Q Q Q Q Q Q N N Qs © B
S I A R O O R N SRS S

1. Penod from '00-08 and '08-'14

Revenue Growth Rates Accelerate 3. Period from 00°08 and ‘0814

Source: Gartner Dataguest

By SMIC @CSTIC 2011, Shanghai
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Million USD

350,000+

300,000+

250,000+

200,000+

150,000+

100,000+

50,000

Revenue by Tech Node

2008

2009

2010 2011 2012 2013

By SMIC @CSTIC 2011, Shanghai

[ 0.022 micron
[@0.032 micron
B 0.045 micron
B 0.065 micron
[00.08 micron
E 0.09 micron
M 0.11 micron
00.13 micron
[ 0.15 micron
[ 0.18 micron
E 0.25 micron
B 0.35 micron

B >=0.50 micron
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2001
2002
2006
2010
2016

LSI
10W/cm? Hot plate

100W/cm? Surface of nuclear reactor
1000W/cm? rocket nozzle

10000W/cm? Sun surface

P. P. Gelsinger, ISSCC 2001
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Heat Sink Technology

A

Fan-smks

E £ Extrusion
‘\ Heatsinks

z= " SpiralFan-sink

_ #'é@ﬁuiﬂh’ - ~ﬁ'
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22 16nm
193nm ArF +
11nm EUV
13.5nm  EUV + ( y 180
EUV

436nm -2 365nm =2 248nm =2 193nm =2 |13.5nm

Hg g Hg | KrF ArF Sn
Excimer Excimer Plasma

1




The Sub-A Litho Challenge
Complex designs, shrinking process windows

365 nm

Sub-wavelength Litho

Line width

|y
Aggressive OPC J,-.

— Wave length

() Deep Sub-wavelength Litho

FERISR RETL

Immersion
Lithography
139 nm

45 nm

Process window shrinking
on average >30%
for each node

PROCESS CONTROL: THE INVESTMENT THAT YIELDS

Ref:KLA Tencor
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Sub-Wavelength Scaling

Microns

(=1

Above Wavelength

\z\uum

\Q#m
s

Wavalangth

Bl FestureSizs

W[=F1g
Wavelength

SubWavelength

Q248 um
0.193 pm

Mot pm

Source: Numerical Technologies




Light path in an EUV exposure tool

Reflective
Collector Optics

Reflective

Projection /

Reduction
Optics

EUV Light Source

Condenser / llluminator




E-CAD



2 MOSET

1 MOSET



H. Wakabayashi
et.al, NEC

IEDM, 2003

1'5'f15-1c+ I:I.EEH:I 05 10 1.5

Gate voltage V, [V]




3nm

)

Tunneling
diStance EEEgEERN lll>
3 nm

3

Gate Oxd

;

Channel

Atom —
) @ © ©
distance > o o
0.3 nm o o o




Subthreshold

5nm

Ionllll lllll lé lllllllllll »
s /:

¢
.............JV...

4
loff =»> {’ Vg
R

Vg=0Vv Vth (
Subthreshold

loff

3.3




NanoCMQOS



High-k



subthreshold

? oV
oV 1V
T ?
/
oV oV 1V

oV




Silicon substrate

* 1.2nm physical SiO2 in production (90nm logic node)
* 0.8nm physical SiO2 in research transistors

By Robert Chau, IWGI 2003 ,



High-

. High-k  (k=20)

5nm

SIO, (k=4) 1nm

S




Choice of High-k elements for oxide

Candidates

- Unstable at Si interface

e Gas orliquid
at 1000 K

o Radio active e

) ) He
———  Si+ MOy M+ SiO,
Li Be . i ) ® ®© ©e e ©o ©
Sl + MOX MS'X + SlOZ B C N (0) F Ne
S|+MOX M+MSIXOY . <P () [ ) <D
Na VI8 Al'Si p s ¢ Ar
® & o O
Kk €@ 5C i v ¢ MnFc Co Ni Cu Zn Ga Ge As Se Br Kr
[ J @ ® O
Rh Sr Y Zr Nb Mo Tc Ru Rb Pd Ag Cd In Sn Sb Te | Xe
g ® ® o o O O O
Cs Ba a W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
O O O O O O o o
Fr Ra Rf Ha Sg Ns Hs Mt

e Pr Nd pmSm Eu Gd Tb Dy Ho Er TmY Lu

O O O O O O O o

O O O O O O

O

Ac Th Pa U Np Pu AmCm Bk Cf Es Fm Md No Lr

R. Hauser, IEDM Short Course, 1999
Hubbard and Schlom, J Mater Res 11 2757 (1996)

HfO, based dielectrics
are selected as the
first generation
materials, because of
their merit in

1) band-offset,

2) dielectric constant
3) thermal stability

La,O; based
dielectrics are
thought to be the next
generation materials,
which may not need a
thicker interfacial
layer



Conduction band offset vs. Dielectric Constant

Leakage Current by Tunneling

Oxide %4_ Gd203
Band ; 5t
offset _é.":
Si =
—_ = 0
— C
S -2
0 * .
A -4 ° e ® —
= ‘/‘7
- %";'6"_'"" .
m

O 10 20 30 40 50
Dielectric Constant €(0)
XPS measurement by Prof. T. Hattori, INFOS 2003



High-k gate insulator MOSFETSs for Intel: EOT=1nm
EOT: Equivalent Oxide Thickness

Metal Gate
(different for NMOS & PMOS)

78



Cluster tool for high-k thin film deposition

. J =
C a Utter for metal-
dlfferent targg;

lf./

"'Ee_\_ ';:-f.- el .- :
E-Be apOxgtion
1I8 d|ff e t ta f

b

4

Robot J,ﬁ* =
i B . S : "ﬁ;’,_‘ _l.'&.:., : -.;,_;_ —_
I = A -*1 - : = o ¥ =5 A ,

Preparation pj f
Room

-8
r, .-:‘ }%:. " _’

p—
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Reports on direct contact of high-k/Si

IL scavenging

-------

== TiN+M1 dope
== TiN+M2 dope
e TiN+M3 dope

EOT lZLE\--inrlrI\~

W
- [M1-3 dope ="
1.0% l‘.
N
1| [HrO: r
s
e

'-]0.4 -0.2 I].D 0.2 0.4 06 08 10 3
Gate Voltage (V)

Capacitance Density (uFfcm?)
8]

Control of oxygen atoms

» Direct HfO,/Si structure

2011-5-26

T. Ando, et al., IEDM. p.423 (2009).

Event, Venue info

— Our approach

500 °C, 30 min K. Kakushima, et al.,

ESSDERC2009
W
La,0, k=23
La-silicate
k=8~14
% | Silicate formation
R e
La,0,+Si+n0O,

-~ La,SIOg, La,;(Si0,)s0,
Lag 33516056, La,SI,0;

La,O, can easily achieve
direct contact of high-k/Si

mation




Current density (Alcm ?)

1.E+01

1.E+00

=
m
o
=

1.E-02

1.E-03

1.E-04

1.E-05

Gate Leakage vs EOT, (Vg=|1]V)

[
La203 - B
[
* s
- ]
A
Ah-o
=
-
0 1.5 2 2.5 X

EOT (nm )

& Al203

¢ HfAIO(N)
® HfO2

A HfSIO(N)
A HfTaO

¢ La203

B Nd203
< Pr203

X PrSiO

+ PrTiO

O SiON/SIN
X Sm203
O SrTiO3
A Ta205

O TiO2

W ZrO2(N)
X ZrSio

O ZrAIO(N)

82



EOT=0.3/nm
La203

ly (V)

3.5E-03

3.0E-03

2.5E-03

2.0E-03

15E-03 |
1.0E-03 |
5.0E-04 | A

0.0E+00 %

EOT=0.37nm

WI/L = 50pm /2.5um

EOT=0.40nm

WI/L = 50pm /2.5um

EOT=0.48nm

WI/L = 50pm /2.5um

| —m—Vg=0.2V

| —<Vg=0.6V

| —e—Vvg=1.0v

o Vth=-0.06V

—A—Vg=0.4V

=¥¢=\Vg=0.8V

| —m—\/g=0.2V

o Vth=-0.05V

—A—Vg=0.4V

| —«Vg=0.6V

=¥¢=\Vg=0.8V

| —e—Vg=1.0V

—t—Vg=1.2V

Vth=-0.04V

0.48 =0.37nm Increase of Id at 30%

83
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Si nanowire FET



?OV

<« S| hanowire

oV



SOl Wafer

Nanowire Nanowire
Si Si
e
—) >
SO, SO, SiO
Si Si Si




Because of off-leakage control,

Planar =2 - Nanowire

W
/41/{_/(149? 74
Leakage current 9

Gate
Sour Drai

FinFET
(Ty= /3L,

Planar FET

Fin FET Nanowire FET
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Nanowire FET

First Year of IC Production

2009

2010

2011

2012

2013

2014

2015

2016

2017

2018

2019

2020

2021

2022

2023

2024

Device Structures
Planar bulk
FDSOI

Multiple Gate

a
-+

2015
22 or 16nm node

t

.
|

Multiple Gate (Fin) FET

2020
11 or 8nm node

t

Nanowire FET

L

ITRS 2009

Bulk -

Fin

—

Nanowire

Scaling Pathways

w anciwfo 3rd gate ?

—>

Bulk or SOI

Fin

7

Si Nanowire
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Si nanowire FET as a strong candidate

1. Compatibility with
current CMOS process

2. Good controllability of loee | eakage current

—

3. High drive current

cut-off
/

_* source drain
Gate: OFF

Multi quantum
1D ballistic Channel

conduction c
&/ Quantum channel
Quantum channel
\ Quantum channel

<—Quakntum channel

%

A

High integration
of wires

%9




Increase the Number of quantum channels

Energy 300K EQ:HQ gV 3.8
E=20eV 3.7
E=12eV
x
/ £ =004 ¢ 3.6
E=348V 3.5
E =42eV
— " S 34
] L 33
IEI'l }‘ 3 2
E, o :
o 3.1
] <111» c
~— Wave vect L] 3.0
Heavy holes
e
Light holes e
Split-off band 0.0

By Prof. Shiraishi of Tsukuba univ.

|
4 channels can be used

/CLCQ

B1,B2
"/Az

-0.1

Energy band of Bulk Si

—
A1

Energy band of 3 x 3 Si wire

90
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Device fabrication

Si/Siy sGeg 5 Anisotropic Isotropic ~ The NW diameter
superlattice etching etching IS controllable
epitaxy on SOl  of these layers of SiGe down to 5 nm

’ M ﬁ o

Gate depositions  Gate etching  g/p jmplantation | Back-End

HfO, (3nm ) .
Spacer formation | of-Line

Activation anneal | Process

Salicidation

)

Process Detalils :

/ / C. Dupre et al.,
| | IEDM Tech. Dig., p.749, 2008

BOX BOX Z
1



3D-stacked Si NWs with HiI-kiIMG

Cross-section

Top view

Wire direction : <110>
50 NWs in parallel
3 levels vertically-stacked

Total array of 150 wires
EOT ~2.6 nm




SINW Band structure calculation



Cross section of SI NW

First principal calculation,

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



Si nanowire FET with 1D Transport

Orientation  [001] [011 [111]
Diameter (nm)0.86 0.943 0.89

1 W
= A
%8 / /
®
i x %

-1

Wave Number z
(a)

Orientation  [001] 011] 1111 Small mass with [011]

Diarlneter (nm) 3.00

.94 1.93

Large number of
guantum channels
with [001]

Energy (eV)
oo

1
H
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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
41 atoms

R

B

10 nm diameter Si(100)NW
2341 atoms




Band Structure and DOS of Si(100)NWs (D=1nm, 4nr

QY]

(eV)

DOS ( States / eV atom )

D=1nm
3.4
3.2
3.0 1
2.8
2.6
0.5
0.0 1
10 _/g\%
-1.5
1.0
0.8
0.6 -
0.4
0.2
0.0 T T T T T T T T
-10 -8 -6 -4 -2 0 2 4 6
QY]
D=1 nm

Si21H20 41 atoms)
KS band gap=2.60eV

(eV)

QY]

DOS ( States / eV atom )

D=4nm

1.2

1.1+
1.0+
0.9

0.8 1

0.7

0.4

FARWAN
(&V)

D=4nm
Si341H84 425 atoms)
KS band gap = 0.81eV

(eV)

DOS ( States / eV atom )

n, and 8nm)

EESSSNN

D=8 nm
Si1361H164 (1525 atoms
KS band gap=0.61eV

KS band gap of bulk (LDA) = 0.53eV/




SINW Band compact model



Landauer Formalism for Ballistic FET

Energy A

== Z [[f(Eu)— fEuI(EYE g
max to Xmin T;(E) ~ 1

o[ ke S, ) 1rexpl(us —E) ke T]|
° ’ — " L+expl(up — Eig) T KgT

From X
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|\ Characteristics of Ballistic SINW FET

Current (UA)

40

35
30 |
25 |
20
15
10

V,-V=1.0 V
o7v | — T=1K
—_— T=300K
0.3V
005V
0.1 4 05

02 03 0.
Drain Bias (V)

Small temperature dependency
35uA/wire for 4 qguantum channels
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Model of Carrier Scattering

Linear Potential Approx. Electric Field E

_ Elastic Backscatt.
F(0) Elastic Backscatt. Optical Phonon Emission

Transmission
) | Probability : T,
Optical

i '} Phonon
Source ; Channel A “
0 Initial Elastic XO Optica| Phonon To Drain
Zone Emission Zone
Transmission F (()) —G (O)
Probability  |T (€)= _
to Drain ( ) Injection from Drain=0




Reéesume of the Compact Model

2re
C. = ox _
|:ithij[f(g,ys)—f(g,yD)]Tidg T oty Planar
— -] | Gae
_ +
(Vg _Vt)_a,us Ho _ ‘Qf Qb‘ Us — Uy =qVy C. - 27e,, |
g Ce In(l‘ +tox] GAA
(Electrostatics requirement) r
' 1
q T dk ; 1 1
Qo+l X g -5 - T (& (k) dk
r °°1+exp{g‘(k)_ﬂs} - 1+exp{‘9i(k)_“s} 1+exp{‘9i(k)_/‘l>}
KgT KsT k,T ) |
J2D,qE (Carrier distribution
T(¢)= in Subbands)

(VBy+ Dy +/D; )aE +/2mD, B, |n(qEX0 +‘9j

&

Unknowns are Iy, (1s-}o), (Mp-Ho), (QtQp)
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|-V, Characteritics (RT)

45

Current [uA]
= = N N w w H
(8)] o (8] o (8] o (8 o

o

.......................
-—-
-

- - - VG-Vt=0.1V,Bal.
— VG-Vt=0.1V,Qbal
VG-Vt=0.4V,Bal.
VG-Vt=0.4V,Qbal.
- - - VG-Vt=0.7V,Bal.
— VG-Vt=0.7V,Qbal.
- - - VG-Vt=1.0V,Bal.
—— VG-Vt=1.0V,Qbal.

............................................
-
-

0.1 0.2 0.3 0.4 0.5 0.6

Drain Bias [V]

[0 Electric current 25 pA
O No satruration at Large V,




SINW FET Fabrication



Fabricated SINW FET

SINW
SIN support

_' b 500nm
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Recent results to be presented by ESSDERC 2010 next week in Sevile

Wire cross-section: 20 nm X 10 nm

Drain Current (uA)
P N W b O O N
O O O O O O o O

CCCCCTTTTT
L (Tt

1.0 -05 0.0 05 1.0
Drain Voltage (V)

£10°

103
—~
< 104
~—
) 10>
C
@ 10°
—
— 107

-
(O 108

© 1020 |
N 10711 |}

10-12

-1.5-1.0 -0.50.0 0.5 1.0
Gate Voltage (V)

On/Off>10% 60uA/wire

L,=65nm, T,,=3nm



Bench Mark

102pA @ (10x20)

AY

70
® nMOS ~ Vpp: 1.0~1.5V
60 [|o pMOS \‘.(3,2>f19)
\ \
/\50 B (12 .
3 (13x20)y )0\‘ N
> - 10 .
= 40 O oan N N
— \ O \
<30 | 0y R
3‘ (16). (12@_9).(5) ‘.\ \
(2320 - (34)8 |), (120 J10) @)
- 3 10
10 | 7 @ %o 6f ‘((3)‘) o(19)
0 ‘ | (3
1 10 100 1000

Gate Length (nm)

Our Work



Bench Mark

This work | Ref[11] Ref{12]| Ref[13]| Ref[14]| Ref[15] | Ref[4]
NW Cross-section (nm) Rect. | Rect. Cir. Cir. |Elliptical|Elliptical
NW Size (nm) 10x20 14 10 10 12 13x20
Lg (nm) 25 100 30 8 65 35
EOT or Tox (nm) 1.8 1.8 2 4 3 1.5
Vdd (V) 1.1 1.2 1.0 1.2 1.2 1.0
lon(uA) per wire 102 30.3 26.4 37.4 48.4 43.8
lon(uA/um) by dia. 5010 @ 2170 | 2640 | 3740 4030 2592
lon(uA/um) by cir. 2054 430 841 1191 1283 825
SS (mV/dec.) 79 68 71 75 ~75 85
DIBL (mV/V) 56 15 13 22 40-82 65
lon/loff >1E6 |« >1E5 | ~1E6 | >1E7 | >1E7 ~2ES

Ref[11] by Stmicro Lg=25nm,Tox=1.8nm

This work Lg=65nm,Tox=3nm




lon/loee BENCh mark

lorr (NA/um)

10°
102
101
1
10
10-2
103

Lg:500 65nm

500 1000 1500 2000

lon (MA/uM)

Planer FET A 1.0 1.1V

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

Sj FET% 1.2 1.3V

Y. Jiang, VLSI 2008, p.34

H.-S. Wong, VLSI 2009, p.92

S. Bangsaruntip, IEDM 2009, p.297
C. Dupre, IEDM 2008, p. 749
S.D.Suk, IEDM 2005, p.735
G.Bidel, VLSI 2009, p.240

109



-~ 600

> A, (12x19) FixwXwyy (NM?)

= e s

£ 400 K w190

3 B

S 20nm B
= . IR
5 200 | el
ﬁ < SOl planar .
g <§’ W=1 pm ] 28 nm
‘Ig 0 g . ' BOX 3
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Inversion Carrier Density (cm?)
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Electron Density
(x101°%cm3)

Edge portion

Flat portion

-----
o

________
----------

OFRL N WM O O

0) 2 4 6 8
(b) lnversion areal ratio: 29 %| Distance from SiNW Surface (nm)
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Primitive estimation !

Compacl:tI mode

12000 | g
Small EOT fo|r|h|gh-kv (33 SINW (12nm><19nm)
10000 | @ Q
~— P-MQOS improvement RN
= 8000 i I1(26) §
23* Low S/D resistance Q
S 6000 Assumphp_nos 1
\; ION I—g ' ><Tox
O 4000 # of wires /lum
- (11) T MG
2000
0
2008 2010 2012 2014 2016 2018 2020 2022 2024 2026

Year
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Transistor Innovations Enable Technology Cadence

2003 2005

90 nm 65 nm

siGe ** siGe
)

Invented 2M Gen.
SiGe SiGe
Strained Silicon Strained Silicon

2007 2009

32 nm

45 nm

“
1

High-

SiGa i 3 SiGe
- J ey ¥

Invented
Gate-Last
High-k Metal Gate

Gate-Last
High-k Metal Gate

Strained Silicon

High k Metal gate

2011
22 Nm

First to
Implement
Tri-Gate

Tri-Gate




Transistor Innovations Enable Cost Benefits
of Moore's Law to Continue

~

‘\‘\i{lﬂmm
N

S / Transistor
(relative to 0.35um)

0.01 E

0.001
35um .25um .18um .13um 90nm 65nm 45nm 3Z2nm Z2Z2nm 14nm 10nm




22 nm 3-D Tri-Gate Transistor




Transistor Operation

01 Tri-Gate Reduced Threshold

Voltage
Channel 0.01

Current
(normalized) 0.001

0.0001

1E-05 : :

0.2 0.4 0.6 0.8 6_1.0 Reduced
Gate Voltage (V) Operating Voltage

o
o

The steeper sub-threshold slope can also be used to target a lower threshold voltage,
allowing transistors to operate at lower voltage to reduce power and/or improve switching speed
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Transistor Gate Delay

Transistor
Gate Delay

(normalized)

0.8

0.6 '

05 06 07 08 09 1.0 11
Operating Voltage (V)

22 nm 3-D Tri-Gate transistors can operate at lower voltage
with good performance, reducing active power by >50%
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22nm Silicon Technology Breakthrough
Benefits Broad Range of Intel Architecture Devices

New 22nm 3-D transistors deliver
unprecedented performance improvement
and power reduction for Intel’s product
portfolio

 This benefits smallest handhelds to
powerful cloud-based servers

- 37% performance increase at low voltage
vs. 32nm planar transistors*

= Consumes only half the power at the same
performance level as 2-D transistors on
32nm planar chips*

Y
F .
!
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. D*-’ 4 &
| TS 4
k. t L 1 _.'l:- ity
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IR |
1 ;
1 .
' i Yt ey el

LY W _'slrg SIT
G anan
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Energy-Efficient Performance Built on Moore’s Law

—

3Z2nm Z2Z2nm

reduction

1 F]
3
®
3
L
2
8 4]
1%4]
&
[
I~
L
Q
kE

Lower Active Power
Active Power per Transistor (normalized)

Constant Performance

e

65nm 45nm 372nm 22nm

Higher Transistor Performance (Switching Speed) Planar  Planar  Planar  Tri-Gate

Source: Intel 22 nm Tri-Gate transistors increase the benefit

from a new technology generation : _
lntel
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P — _ 1 5634.7
.y - . SMIC Fab 4 300 mm = SMIC Fab 7 200 mm &5 JSMC Fahle0 mmn a 5410 .
Site in production or SMIC Fab 5 300 mm = = |
ramp ) SMIC Fab 6 Backend =
i Site under construction SGNEC Fab 1 150 mm
CSNICTINIECAS IS0 mm | —
= Site in plan

City of population =7Th
City of population <7M
Capital

*e O

MNantong GMIC Fab 1 200 mm 5=

Wuxi Dalian

Hynix-ST Fab C1 200 mm g3 Beijing by Intel Fab 68 300 mm Ik

Hynix-5T Fab C1 300 mm (o]

1 A

]gg;;;ST g::flzs?}““ = Tianjing | Suzhou Hejian Fab 1 200 mm &5
Hejian Fab 2 300 mm |

CSMC Fab 2 200 mm = PowerChip 200 =

CSWC  Fab2150 mm g3 —

XNiyue Fab 1 150 mm &5

WXIC Fab 1 300 mun 5=

Cension Fab 1 200 mm gJ

ProMOS Fab x 200 mm B~

ProMOS Fab X 300 mm |

LPSC Fab 1 150 mm i

Hangzhou Silan Fab 2 150 mm S

2003 2004 2005 2006 2007 2008

[ Industry Scale (100M RMB) B Market Scale (100M RMB)|

o Shenyvang

dE[u-ng Kong

Kushan IC Spectrum 200 mm B
Anadigics 150 mm 5§

hanghai

SMIC Fab 1200 mm
SMIC Fab 2 200 mm
SMIC Fab 3 Backend
GSMC Fab 1 200 mm
GSMC Fab 2 200 mm
GSMC Fab 3 300 mm
HHNEC Fab 1 200 mm
HHNEC Fab 2 200 mm
HHNEC Fab 1C 200 mm
HHNEC Fab x 300 mm

'ERRRE

ushun Microelectronics Fab 2 150 mm 25 ASMC Fab? 150 mm =1
ASMC Fab 3 200 mm =

ASMC Fab 4 200 mm B

BCD Fab 1 150 mm =

BCD Fab 2 2000 mm B

Zhuhai ACSMC Fab 1 150 mm = TSMC Fab 10 200 mm E&J

Shenzhen Founder Electronics 150 mm S5 Belling Fab 2 150 mm =

Founder Electronics 150 mm | SMIC Fab 8§ 300 mm =

SMIC Fab X 300 mm ] SMIC Fab 9 CIS =i

SMIC Fab X 200 mm ] SMIC Fab 10 Photo.V =3
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Our roadmap for R &D
Source: H. Iwai, IWJT 2008

Current Issues
Si Nanowire

Control of wire surface property

2007 2010 2015 2020 2025 2030 2035 _
: : ; Source Drain contact
: l:l BERANG . . . . .
Ex.tendedCMOS More Moore+CMOS Ioglc — Emm: Optimization of wire diameter
- PuT27-2412) :"Beyondtlhe horizon | W booim Compact |-V model
— T' : Si Changel i | [1I-V & Ge Nanowire
i Fin, Tri-gate ! : :
Naturaldlrectlon of dqwn.'-'.lzmg High-k gate insulator
Narh o I N\ | Wire formation technique
Si Nanp wire i Mechanical Strebs Roughness, Sui‘Face control
III-VanéiGe Nano wir;e Selectmn .J GYOWth and integration of CNT
; I S - - =) Width and Chirality control
— ; A i Problem: High- k,gateomdes etchlr)goflll -V wire Se|ect|0n Chlrallty determines conduction
[ \CNT types: metal or semiconductor

-

delection o/ !

Graphene:
Graphene formation technique
Suppression of off-current

ITRS Hig

More Moore

By 1[! conduction

Very small bandgap or

h c::onduct on .
' no bandgap (semi-metal)

Control of ribbon edge structure

which affects bandgap 1.
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CMOS

Nano CMQOS

Nano CMOS
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