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There were many inventions in the 20t century:
Airplane, Nuclear Power generation, Computer,
Space aircraft, etc

However, everything has to be controlled by
electronics

Electronics

Most important invention in the 20" century
What is Electronics: To use electrons,
Electronic Circuits



Electronic Circuits started by the
Invention of vacuum tube
(Triode) in 1906

Thermal electrons from cathode
controlled by grid bias

AN

Cathode Anode
(heated) Grid (Positive bias)

Same mechanism as that of transistor
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First Computer Eniac: made of huge number of vacuum tubes 1946
Big size, huge power, short life time filament

- dreamed of replacing vacuum tube with solid-state device

Today's pocket PC
made of semiconductor
B has much higher

f8% performance with

Bl extremely low power
consumption
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History of Semiconductor devices

1947, 15t Point Contact Bipolar Transistor:
Ge Semiconductor, Bardeen, Brattin
- Nobel Prize
1948, 15t Junction Bipolar Transistor,
Ge Semiconductor, Schokley
— Nobel Prize
1958, 15t Integrated Circuits,
Ge Semiconductor, J.Kiloy = Nobel Prize

1959, 15t Planar Integrated Circuits,
R.Noice

1960, 15t MOS Transistor, Kahng,
Si Semiconductor
1963, 15t CMOS Circuits, C.T. Sah and F. Wanlass



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
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Capacitor structure with notch

NO current

Positive bias

Negative bias <—Gate Electrode

I - Gate Insulator

<— Semiconductor

@ @7% @ C_}_ Electron

Electric
field



Surface Gate electrode

\\ Gate Oxd
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However, no one could realize MOSFET
operation for more than 30 years.

Because of very bad interface property
between the semiconductor and gate
insulator

Even Shockley!



Very bad interface property between the

semiconductor and gate insulato
Interfacial
Charges

Electric
Shielding

Carrier

(3 e @ A Scattering

Drain Current was several orders of magnitude smaller
than expected

Even Shockley! ’



However, they found amplification phenomenon when investigating
Ge surface when putting needles.

This is the 1%t Transistor:

Not Field Effect Transistor,

But Bipolar Transistor (another mechanism)

"=

1947: 1st transistor J. Bardeen W. Bratten,

W. Shockley
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1958: 1st Integrated Circuit Jack S. Kilby

Connect 2 bipolar transistors in the
Same substrate by bonding wire.




1960: First MOSFET
by D. Kahng and M. Atalla

Top View

Al
Sio,
Si

Si/SiO2 Interface is
extraordinarily good
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1970,71: 1st generation of LSIs

DRAM Intel 1103 MPU

Intel 4004
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MOS LSI experienced continuous progress for many
years

Name of Integrated Circuits Number of
Transistors
1960s IC (Integrated Circuits) ~ 10

1970s LSl (Large Scale Integrated Circuit) ~1,000
1980s VLSI (Very Large Scale IC) ~10,000
1990s ULSI (Ultra Large Scale IC) ~1,000,000

2000s ?LSI (? Large Scale IC) ~1000,000,000




Gate Electrode  Gate Insulator Substrate
Poly Si SiO, Si

; ~

A
MOSFET: Metal Oxide Semiconductor
Field Effect Transistor

Use Gate Field Effect for switching

Gate Electrode
Poly Si

Gate Insulator

Source

Channel N-MOS (N-type MOSFET) ' Substrate



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
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n-MOSFET n-MOSFET

OFF ON
Gate Gate
oV Source 1V Drain
Source Drain oV v
oV ? 1V $2 ? g;

oV

? O 4
eee | , [eee’d ej‘éee
\ 1V |

Electron flow

o T

Electrons OV ov High Potential

Region
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CMOS Inverter

ot~ PMOS

—
2o NMOS

o

Complimentary MOS

nen NMOS i1s ON, PMOS is OF
nen PMOS is ON, NMOS is OF

S =



CMOS Low Power: No DC current from Power supply to the ground

Vg Vb

Q Charge Q Discharge
o— % o O— e
— C — C
EE é . I:—° .
o o o o
1 cycle Clock frequency f
1 1
P = — CVD2 P = - fCVDZ
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2 Input NAND Circuit

[pMos] Vs

Input 1 0—| I_cLanput 2 c,_| | p | p-MOS |
AND O

g Output

Input

Output Input 1 O—I |] ‘n -MOS ‘
Input 2 G

NAND= NOT AND o—| '1 |n MOS \

Input S
Input -
Output




Needless to say, but....

CMOS Technology:
Indispensible for our human society

Al the human activities are controlled by CMOS

living, production, financing, telecommunication,
transportation, medical care, education,
entertainment, etc.

Without CMOS.:.
There i1s no computer in banks, and

world economical activities immediately stop.

Cellarer phone dose not exists



Downsizing of the components has been
the driving force for circuit evolution

1900 1950 1960 1970 2000

Vacuum Transistor IC LSI ULSI
Tube
10 cm cm mm 10 um 100 nm

10tm 10-?m 10-3m 10°m  107m

In 100 years, the size reduced by one million times.
There have been many devices from stone age.
We have never experienced such a tremendous

reduction of devices in human history.
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Downsizing
1. Reduce Capacitance
=» Reduce switching time of MOSFETSs
= [ncrease clock frequency
=P Increase circuit operation speed
2. Increase number of Transistors
= Parallel processing
=p INncrease circuit operation speed

Downsizing contribute to the performance increase
In double ways

Thus, downsizing of Si devices is
the most important and critical issue:



Scaling Method: by R. Dennard in 1974

1 Wdep: Space Charge Region
- » (or Depletion Region) Width
A ) 1 1
1 S D| Wdep has to be suppressed

g

Otherwise, large leakage
6 between S and D |

\ / ”
Leakage cufrent

for
example

K=0.7 l X,Y,Z: K, V: K Na:1/K

Potential in space charge region is 0
high, and thus, electrons in source are 0 1
\ attracted to the space charge region. VvV

By the scaling, Wdep is suppressed in proportion,
and thus, leakage can be suppressed.

—> Good scaled I-V characteristics

‘|

Wdep = [V/Na |K|§
T ¢ |: K

0 K
V 27 27



Downscaling merit: Beautiful!

Geometry & Ly W K Scaling K: K=0.7 for example

Supply voltage Tox Vad

Drive current y ) ly = Vet W,Co (Vg-Viy) C,: gate C per unit area

in saturation — W, (t IV V)= Wty H(VVi)= KKTK=K

ly per unit W, l/um | 1 ly perunit W, =1,/ W,=1

Gate capacitance | C, K| Co=e8nl W/t KK/K = K

Switching speed T K 1=CVylly —  KK/K=K

Clock frequency f 1/K f=1t=1/K

Chip area Achip a | o: Scaling factor — In the past, a>1 for most cases
Integration (#of Tr) | N a/K2]l N — /K2 =1/K*,whena=1

Power per chip P o fNCV2/2 — Kl(aK?)K(K')’=a =1, when a=1
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k=0.7 and a =1 k=0.72=0.5and o =1
Single MOFET
vdd — 0.7 vdd — 0.5
Lg — 0.7 Lg — 0.5
d — 0.7 ld  — 0.5
Cg — 0.7 Cg — 05
P (Power)/Clock P (Power)/Clock
— 0.7°=0.34 — 0.5 =0.125
T (Switching time) — 0.7 T (Switching time) — 0.5
Chip
N#ofTr) — 1/0.7°=2 N#ofTr) — 1/05°=4
f (Clockk — 1/0.7=1.4 | f (Clocky — 1/05=2
P (Power) — 1 P (Power) — 1

29
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Actual past downscaling trend until year 2000

102 Past 30 years scaling
—_Mini logic V., (V 3 L :
101 ¢ '“munT 0916 Vs (V) 10 Merit: N, fincrease
100 101 Demerit: P increase
10-1
: 10-1 | V4 scaling insufficient
10-2 ¢ i 1
10-37‘ —— g3 Additional significant
Source. Iwai and S. Ohmi, Microelectronics Reliability 42 (2002), pp.1251-1268 | f P
. d "
Change in 30 years
Ideal Real Ideal Real Ideal Real
scaling Change scaling Change scaling Change
L K 10 -2 - ]
£ K(1072) 10 g K(107%) 107 f 1/k(102) 103 \
V, Ko=) 10t ly/bm 1 10t P o101  10°
Achio 101 N  o/K%(105) 10 = faNCV2

Vd scaling insufficient, o increased

— N, Id, f, P increased significantly



Many people wanted to say about the limit.

Past predictions were not correct!!

Period Expected  Cause

limit(size)
Late 1970’s 1um: SCE
Early 1980’s 0.5um: S/D resistance
Early 1980’s 0.25um:  Direct-tunneling of gate SiO,
Late 1980’s  0.1um:  ‘0.1um brick wall’(various)
2000 50nm: ‘Red brick wall’ (various)
2000 10nm: Fundamental?
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Historically, many predictions of the limit of downsizing.

VLSI text book written 1979 predict that 0.25 micro-
meter would be the limit because of direct-
tunneling current through the very thin-gate oxide.

INTRODUCTION TOWIED SYSTEMS

CARVER MEAD - I.‘I"HH CONWAY




L. Conway

C. Mead
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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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Direct-tunneling effect

Gate Gate Oxide SI
Electrode Potential Barrier Substrate  cate oxide

J—') Direct tunneling

Wave/:unction current
U V-
— -

Direct tunneling leakage current start
to flow when the thickness is 3 nm.
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Gate electrode

Gate oxide G
S D
Si substrate —
MOSFETs with 1.5 nm gate oxide
Lg =10 um Lg =5 um
003 | \o_yov 0.08 |
Vg =2.0V
0.02 0.06 |
5V
0.01 0.04 L
_ 1.0V
€
5 000 0.02 |
~
E 0.5V
S 0.01 0.00
o.0Vv 7 0.0V
-0.4 . . -0.02 . .
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
vd (V) vd (V)

Direct tunneling leakage was

found to be OK! In 1994!
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Il Il
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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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Do not believe a text book statement, blindly!

Never Give Up!
No one knows future!
There would be a solution!
Think, Think, and Think!

Or, Wait the time!
Some one will think for you
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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



Downsizing limit?

Channel length?

10 nm
Electron _J.
wave Gate Oxd
length T

Channel




H. Wakabayashi
et.al, NEC

IEDM, 2003

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

Gate voltage V, [V]




Downsizing limit!

Electron
wave
length Channe“engﬂ1
Gate oxide thickness
10 nm

™ 3

Tunneling ‘ I
distance  sssjssspans > Ga’?@xd

3 nm
Channel
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Prediction now!

Electron ‘ '
wave
length
10 nm
—
Tunneling
distance EEEgEEN III>
3 nm
MOSFET operation
Atom > lLge=2~1.5 nm?
distance © e @ :
@ © © . | Below this,
0.3 nm e © © no one knows futurel!




Maybe, practical limit around 5 nm.

When Gate length Smaller,
- Subthrehold Leakage Current Larger

g !

OFF ON Subthreshold Current
P > Is OK at Single Tr.

But not OK
For Billions of Trs.

Subthreshould
Leakage Current

/

— || /

> Vg

‘ Vth (Threshold Voltage)

Vg=0V
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We have to reduce the
Supply voltage. Log Id

Then Vth should be lowered.

|

Subthreshold
leakage current
INncrease




Prediction now!

Electron ‘ |
wave
length . . .
10 nim Practical limit
> forintegration
Tunneling Lg =5 nm?
dlstance lllllllll >
3 nm MOSFET operation
o s lg=2~15nm?
distance © e @ -
® © © . | Below this,
0.3 nm e © o no one knows future!




Size (um), Voltage(V)

Ultimate limitation

ITRS Roadmap
(at introduction)

However,Gate oxide thickness

2 orders magnitude smaller
Close to limitation!!

|10 nm Wave length of electron
3 nm Direct-tunneling

+10.3 nm Distance hetween Si atoms

ULTIMATE
105 Lot b

197 1990 2010 2030 2050 LIMIT

Lg: Gate length downsizing will continue to another 10-15 years 47



0.8 nm Gate Oxide Thickness MOSFETs operates!!

0.8 nm: Distance of 3 Si atoms!!

Silicon substrate

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

By Robert Chau, IWGI 2003



So, we are now in the limitation
of downsizing?

Do you believe this or do not?



There is a solution! K: Dielectric Constant
To use high-k dielectrics

Thin gate SiO, Thick gate high-k dielectrics

Thick

_ M

Small
Almost the same leakage
electric characteristics Current

However, very difficult and big challenge!

Remember MOSFET had not been realized
without Si/SiO,!
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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)




Power per MOSFET (P)

S
S For the past 45 years
7 . . Metal
’/@ SiO2 and SiON ‘SiOZISiON\ _Metal

i HfO
( For gate insulator S . 2 9/5 0.7nm
\ pol R S|02/S|ON
Si
45nm node )
L =22nm Introduction of High-k
Still SIO2 or SION
Today Is used at Si interface

‘ High-k \

EOT Limit

—— = = P

0.7~0.8 nm

>

Direct Contact
Of high-k and Si

One order of Magnitude

EOT=0.5nm
|| || || >

EOT can be reduced further beyond 0.5 nm by using direct contact to Si
By choosing appropriate materials and processes.

'] I

Now Year >4



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



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)
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EOT =0.48 nm Our results

Transistor with La203 gate insulator

3.0E-03
=% L /W=2.5/50um
25603 | |2 i s
—a— Vg = 0E .
—i— iy = .E _ﬂ —_
— 20603 | |- A
E-' —a—lg=1s t'.t‘ E
" 15603 7
E 1"‘_‘- E
1.0E-03 [T
5.0E-04 A et »

0.0E+00 [« _5:';';'.. TR AT A AT A AT A AT

0 0.2 0.4 0.6 0.8 1

vd (V)



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

—t—\/g=0V

—A—Vg=0.4V

| —«Vg=0.6V

=¥¢=\Vg=0.8V

| —e—Vg=1.0V

—t—Vg=1.2V

Vth=-0.05V

Vth=-0.04V

0.48 =0.37nm Increase of Id at 30%
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New material research will give us many
future possibilities and the most important
for Nano-CMOS!

Not only for high-k!

New material for Metal gate electrode

New material for High-k gate dielectric

New channel material \ N€W matEbal

r Metal S/D

59



. Passivation (PSG)
6 um NMOS LSlin 1974 e

Al interconnects

—_e— -\—I—_*//'LD (Interlayer
/ Dielectrics)

Si substrate \(Sioz + BPSG)

Field SiO,
@ magnification | Layers Materials Atoms
1. Si substrate 1.Gi 1 Si
2. Field oxide 2. S0, '
oly Si gate . . | 2' O
_ Ze'cytridgt 3. Gate (?dee 3 BPSG
—caesio, | 4 Poly Si 4 Al 3 p
5.S/D
5. PSG 4. B
Source / Drain 6. Interlayer
7. Aluminum 5. Al
8. Passivation (H, N, Cl)




Just examples!
Many other candidates

New materials

Ge Semiconductors
-V
NiSi silicide L1803
Ta, O,
SiGe Semiconductor  HfO, ' High-k
. Zr0, dielectrics
i J
PtSi, | Alr Low-k 2rsi,0,
_ s . .
SiN, WSi, Q dielectrics  RyO, >Electr_ode
CosSi, | Polymer ) Pt materials
Polv Si Silicides :
Al Al Y= Tisi, TN ) ro, -
. : - TaN
>10: o1 MOSIZJ - Metals “ Ferroelectrics
Si Si TaSi, Cu PzT |
‘ ‘ W BST
1950 1970 1980 1990 2000 2010

Y. Nishi, Si Nano Workshop, 2006,
(S. Sze, Based on invited talk at Stanford Univ., Aug. 1999) 61



Now: After 45 Years from the 1st single MOSFETSs

32 Gb and 16Gb NAND,
SAMSUNG

. 'ﬂ_:r:rﬁpﬂft‘if Al
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Samsung’s NAND flash trend

Capacity Node  1stFabrication Production

512Mbit 120nm 2000 2001
1Gbit  100nm 2001 2002
2Gbit  90nm 2002 2003
4Gbit  70nm 2003 2004
8Gbit  60nm 2004 2005
16Gbit  50nm 2005 2006
32Gbit 40nm

256Gbit 20nm

Even Tbit would be possible in future!



Already 32 Gbit:
larger than that of world population
comparable for the numbers of neurons
in human brain

Samsung announced 256 Gbit will be produced in 2010.
Only 4 years from now.
256Gbit: larger than those of # of stars in galaxies

64



More Moore and More than Moore

Moore’s Law & More

More than Moore: Diversification >

Sensors . .

2 >

o
S o Interacting with peopl
sl S g people
= - 130nm and environment
N e
= g 90nm Non-digital content
o @ System-in-package
= =
= n:: 65nm
E o Information
c P 45nm Processing

o
ﬁ = a5nm Digital content
sl © System-on-chip
=| 2 (SoC)

2 22nm

0 .

© .

m .

vV
A eI e e

Beyond CMOS

Question what Is the other ITRS 2005 Edition

http://strj-jeita.elisasp.net/pdf_ws_2005nendo/9A_WS2005IRC_Ishiuchi.pdf

side of the cloud? o




FINFET to Nanowire

Double-Gate Omega Nanowire
FinFET FinFET FinFET
(T= /5Ly (Ti= Ly (Ty= 2Ly
10° 5
— 1V =-1V
% 10”4+
2 1 Vi 005V Channel conductance is
£ 10§ 7=-005V lon/loff=52200 Well controlled by Gate
Ig n/loff=230000 FET even at L=5nm
= 107 (Lg=5 nm) (Lg=10 nm)
- Swing =63 mV/dec Swing =75 mV/deq
= 1074 DIBL=14mV/V DIBL =80 mV/V
= I.=05 nA/um I.=10 nA/pm
1074 1 T T T T T T T

T T — T ' T ' T T T
-1.0 0.8 -0.6 -04 0.2 00 02 04 06 08 1.0
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-There will be still 4~6 cycles (or technology generations) left until
we reach 11 ~ 5.5 nm technologies, at which we will reach down-
scaling limit, in some year between 2020-30 (H. Ilwal, IWJT2008).

-Even After reaching the down-scaling limit, we could still continue
R & D, seeking sufficiently higher Id-sat under low Vdd.

-Two candidates have emerged for R & D
1. Nanowire/tube MOSFETSs

2. Alternative channel MOSFETSs (llI-V, Ge)

- Other Beyond CMOS devices are still in the cloud.
BaselinejUitimately Functionally Nanowire | Ferromagnetic Spin Logic
CMOS | Scaled CMOS|Enhanced CMOS Electronics) Logic Devices Devices
]]nrn| 8nm

Multiple gate MOSFETs ‘
Channel Replacement Materials }) New Devices

New State Variable

New Data Representation
New Data Processing

Low Dimensional Materials Channels
3 important innovations Algorithms

ITRS figure < = - L
edited by Iwai More Moore Beyond CMOS
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Si nanowire FET with Semi-1D Ballistic Transport

Merit of Si-nanowire

Source: Y. Lee., T. Nagata., K. Kakushima.,

K. Shiraishi, and H. Iwai, IWDTF 2008,

Tokyo, November, 2008
Trade off

Carrier scattering probability

Small

Small
T‘ ﬁ
N N\
k) 7> ©

]

Drain

Reduction in loff (Isd-leak)

: Good control of
Lol Isd-leak by
IV saucesUrrounding gate

Large
# of quantum channel

Larg e E-k band

2

High Conduction (1D)

Go=77.8uS/wire

Increase in lon (Id-sat)

dense nanowires

N\ 7.

h\\ 3D stacking

Multiple quantum channel High-density lateral
(QC) used for conduction and vertical |ntegra6tg0n

Source: T. Ohno, K. Shiraishi, and T. Ogawa, Phys. Rev. Lett. ,1992



Selection of MOSFET structure for high conduction:
Nano-wire or Nano-tube FETs is promising

3 methods to realize High-conduction at Low voltage
M1 Use 1D ballistic conduction
M2 Increase number of quantum channel
M3 Increase the number of wire or tube per area

3D integration of wire and tubes

For suppression of loff, the Nanowire/tube is also good.



1D conduction per one quantum channel:

G = 2e?/h =77.8 uS/wire or tube

regardless of gate length and channel material
Thatis 77.8 pAlwire at 1V supply

This an extremely high value

However, already 20mA/wire was obtained experimentaly
by Samsung
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Increase the Number of quantum channels

By Prof. Shiraishi of Tsukuba univ.

Energy 300K £=112eV 3.8 ' |
E =20 3.7 4 channels can be used
E =126V
/ £ =004 ¢ 3.6
E =340V 35
Y /C1.CQ
\..____‘___‘____ E .
i ] L 33 /B‘*BE
E 5 3.2 o A2
| <1115 g 3.1 A
\1‘“"'93%’ holeswave vect L] 3.0
Light holes e
Split-off band 0.0 -— /1, V2
] -0.1
Energy band of Bulk Si 0.2 0.1 0.0

Energy band of 3 x 3 Si wire
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Maximum number of wires per 1 um

6nm pitch

6nm By nano-imprint method

Front gate type MOS 165 wires /um -

-—\Metal gate electrode(10nm)

° ._‘\\ High-k gate insulator (4nm)
I Si Nano vire (Diameter 2nm)
Surrounded gate 33 wires/um «30nm
type MOS ’

30nm pitch:

c c EUV lithograpy

e
Nr=
= -

Surrounded gate MOS



Increase the number of wires towards vertical dimension

Si~ Strained SiGe.”Si
Depo. Temp. : 500°C

XTEM

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

(c) Selective Etchlng (d) H, Annealing
@ @
»
(e) Gate Oxide (f) Gate, S/D Formation
HE Ml ()
HE Ml @

- .

Si/SiGe multi Dry Etching Selective Etching H, Annealing
stacked wafer
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Our new roadmap

2007 2010 2015 2020 2025 2030 2035 R
I . i ; 1 Reslearch
Ex.tended CMQS. More Moore + CMOS Ieglc | s Deveiopm
PJT(2007~2€)12) !->Beyond t:he horizon : I Production
: ' Si Chamilel : ' '
Si Fin, {Tri-gate

Natural:direction of dd:)wnsizing

/.

|
Dlaimeter = Zrﬁf Ai Problem Mechamcal Stress, Roughhess

Si Nanp wire

-V Ge Nano wire Nanc’wirq 1D - High %:onduction S:Selection

i Diametef = 10nm Problem Hiigh-k- gate oxides, etching of -V wire
ITube - .
: CNT - - -
. Tgbe, . | More perfeqlt crystal Furthier higher conduc::tion
Ribbon Ribbon: By milti quantum channel >

! E [ ekt da
. \/ Graphene !

ITERS i ITR$ Beyond CMOS High ¢onduction
! Cloud : : By 1D conduction

More Moore Extended CMOS

lll a
** More Moore ??
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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 76



(Gate length etc

Size

5 nm

New Materials, New Process, New Structure Logic, Memory) ™>
I

Hybrid integration of different functional Chip
Increase of SOC functionality

3D integration of memory cell

3D integration of logic devices

Miniaturization of Interconnects on p—
(Printed Circuit Board)
Low cost for LSI process —
Revolution for Equipment, Wafer

Saturation of Downsizing

Introduction of algorithm
of bio-system
Brain of insects, human

2020




Ultra small volume

Brain
S Small number of neuron cells SyStem
ensor
Extremely low power and
Infrared Real time image processing Algorism
Humldlty (ArtIfICIal) Intelligence becomes
co,

3D fllght control

more

‘ Mosqwto .
L important!

—'.“

But do not

Dragonfly is further high
performance



Thank you
for your attention!



