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-There will be still 4~6 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. lwal, 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.
CMOS [Scaled CMOS|Enhanced CMOS Electronics] Logic Devices Devices
32nm ‘Elnm‘ 16nm llnm. Snm
—

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 T ” o 9
edited by Iwai More Moore Beyond CMOS

* .
Source: 2008 ITRS Summer Public Conf. 5.5nm? was added by Iwai



Scaling down approach is very beautiful and imprtant

2 Generations
scaling

k=0.72=0.5
If we keep the chip area the same for scaling

Single MOFET

Vdd — 0.5
Lg — 0.5
d — 05
Cg — 05
P (Power)/Clock
— 0.53=0.125
T (Switching time) — 0.5

Chip

N#of Tr) — 1/0.5°=4
f (Clocky — 1/05=2
P (Power) — 1 7




- The concerns for limits of down-scaling have
been announced for every generation.

- However, down-scaling of CMOS is still the
‘royal road™ for high performance and low power.

- Effort for the down-scaling has to be continued
by all means.

*Euclid of Alexandria (325BC?-265BC?)
‘There is no royal road to Geometry’

Mencius (Meng-zi), China (372BC?-289BC?)
#=F: 38, E:# (Rule of right vs. Rule of military) 3



Normalized oVth

Gate oxide scaling is very important also for suppressing the variation.

Random Variability Reduction Scenario

LU Planar Bulk
Planar Bulk & Metal/High-k
& Poly-Si/SiON Tinv=1.8nm

15 Tinv=2.5nm NA=1.5E18

NA=3E18

10 |
0.5
- l | | .
Lg 45nm 32nm  22nm 19nm (LW)-1/2
Wg 135nm 96nm 66NM 45nm
>
Scaling

Assumpticn: Random dopant fluctuation is Main source of Random
Variability: Line width roughness of Lg and Wg is not considered in this

I

Source: 2007 ITRS Winter Public Conf.



EOT (Equivalent gate oxide thickness) is supposed
to saturate at 0.5

Saturation of EOT thinning Is a serious
roadblock to proper down-scaling =
short-channel effect & Vth variation
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IS 0.5nm real lImIit? saturation



SI0,-IL growth at HfO,/SI Interface

TEM image 500 °C 30min

XPS Sils spectrum

Intensity (a.u)

1846 1843 1840 1837
Binding energy (eV)

Phase separator
HfO, + SI + 02 - HfO, + SI + 20* - HfO,+SI0O,

H. Shimizu, JJAP, 44, pp. 6131
L Oxygen supplied from W gate electrode

D.J.Lichtenwalner, Tans. ECS 11, 319
SIO.-IL is formed after annealing
Oxygen control is required for optimizing the reaction



La-Silicate Reaction at La,0,/Si
Direct contact high-k/Si Is possible

XPS Sils spectra

TEM image 500 °C, 30 min

as depo. | gsilicate

Intensity (a.u)

W
La,0, k=23
La-silicate
k=8~14
1843 1840 | 1837 La203 + Si + n02
Binding energy (eV) _ LaZSiO5 La28i207
12

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



Quantum Effect in Gate Stack

metal

Gate 1

L

Si sub.

channel

1,
High-k .‘,I« Gate oxide

T

Charge layer
capacitance

capacitance

Thickness shown in EOT

Poly-Si(1020cm=3): 0.3 nm
Metal : 0.1 nm
K. Natori, SSDM (2005)

High-k (EOT)

capacitance

Inversion layer 0.5~0.6nm

depending on E

S. Takag

i, TED, 46. pp.1446 (1999)

‘Total parasitic capacitance ~ 0.6nm of EOT‘

® A question if the performance improvement can
be obtained with EOT<0.5nm

® |s EOT<0.5nm achievable?

13



EOT<0.5nm with Gain in Drive Current

= b) EOT=0.43nm c) EOT=0.48nm
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14% of I, increase is observed even at saturation region

4

EOT below 0.4nm is still useful for scaling




W Of W/La, 0, and W/HTO, nFET on EOT

EOT=0.5nm

500 °C annealed

300 Open peak mobility E []
F|II 0.8MV/cm .

ANkfo

150 | - o 5

- 500 °Clannealed
100 | .
01 W/La203 @30000

0.4 06 0.8 10 1.2 14 1.6
EOT (nm)

e \W/La,O, exhibits higher p than W/HfO,
® . . start degrades below EOT=1.4nm 15



SiI nanowire FET with 1D Transport

Device scaling

Device scaling for electrostatic control for I
future MOSFET

Plate-FET

Low |4 Low |
Low V,, => high |, High 1, (ballistic)

C> Drain 2 __,#i?
H Gate:OFF

FinFET Nanowire-FET

Source

3 approaches for lon improvement

Bk banEd dense nanowires
QC |
= \ir¢ -
One dimensional tranport R
Gy =77.8 uS / \
/_\ 3D stacking

QC: guantum channel



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.

17



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

18
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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 >
w .—\Metal gate electrode(10nm)
o © 6 © ¢ 6 6 ¢ ¢ 6 ¢ 6 © 0o O i i‘\ N .
o o High-k gate insulator (4nm)
I Si Nano wire (Diameter 2nm)
Surrounded gate 33 wires/um 4 30nm

type MOS

30nm pitch:

0 c EUV lithograpy

A

Surrounded gat



Increase the number of wires towards vertical dimension

Si.” Strained SiGe.”Si
SlGe

(b) Dry Etching

Depo. Temp. : 500°C  xTEMm

(a) Si/SiGe/Si
epitaxial wafer

m @ O
-*-

SipsGegs
8 nm

2 (c) Selective Etchlng (d) H; Annealing
SI{1DI‘J) ©® @
(e) Gate Oxide (f) Gate, S/D Formation
E ()
HE ()

- .

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

22



Our new roadmap

2007 2010 2015 2020 2025 2030 2035 R
I . i ; 1 Reslearch
Ex.tended CMQS. More Moore + CMOS nglc | 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

! Diametef = 10nm P[oblem Hiigh- kgate oxides, etching of -V wire
Tube ! CNT :

Tube, Furthier higher conduétion

Ribbori [ ||Ribbon!
. \/ Graphene |

I
More perfecit crystal

High cf:onduction

ITR$ Beyond CMDS
: : By 1D conduction

ITRS :
‘ Cloud
Extended CMOS

2 o More Moorez’é’?

More Moore



Theoretical model
Fabrication

K. Kakushima, K. Natori, H. lwal
Tokyo Institute of Technology

S. Nomura, K. Shiraishi
University of Tsukuba

K. Ohmori, K. Yamada
Waseda University




Theoretical model of SINW FET



Landauer Formalism for Ballistic FET

Potential Energy dU, (x)/dx =0
}ous <

O Xmax Xmln X

= Z [[fE.us)~ FE )T (E)dE

From Xmax 10 Xmin 1 (£) = 1

RS LAR o) 1rexpl(us —Ejp) /keT ]
TUa 5 [ Lvexpl(up —Eip) kT




Carrier Density obtained from E-k Band

Qs
—> Energy




Carrier Density obtained from Band Diagram
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Demonstration of Si Nanowire MOSFET

1 2nm SINW

lowest subband (g=1), second lowest subband (g=3)
effective mass=0.3m,
E. Gnani et al. IEEE ED vol. 54, pp. 2243, 2007

4.5

MOSFET
Surrounded gate
EOT=1 nm

Cs=2.57 pF/cm, C,=0

3.5 -

Energy (eV)

Normalized k



I\VV Characteristics of Ballistic SINW FET

Current (uA)

40

35 I
30 |
25 |
20
15
10 |

V,-V=1.0 V
o7v | — T=1K
—_— T=300K
0.3V
0.05V
0.1 4 05

02 03 0.
Drain Bias (V)

Small temperature dependency
35uA/wire for 4 qguantum channels



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
Ce = ox _
| :ihzgi”f(&ﬂs)—f(é‘,ﬂo)]Tidé‘ n J2r+t, + 4t Planar
— -] | Gae
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kg T KsT KgT ) |
J2D,qE (Carrier distribution
T(¢)= in Subbands)

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

&

Unknowns are |y, (te-i), (Hp-Lo),

(QrtQp)




|-V, Characteritics (RT)

45

Current [uA]
= = N N w w ey
(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,




Cross section of SI NW

First principal calculation, TAPP

\.
s .\/‘./v ./-
f"./'./ .f".fv
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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




Effective mass

Electron Hole
0.5 ~e-[100] 3 r e [100]
22 04 +{110} o 25 G =-[110]
s £ - [111 ©
= = 03 | g £ 2 L - [111]
> = Qo 15
o 9 0.2 ¢ = 9
-~ O L
uCl:) CD ._._|/I’./.H‘. '-lq—) HC_) 1r
w %5 0.1 - L 05 |
0 o L Traesenes
Diameter (nm) Diamreter (nm)

Lighter effective masses make conductance higher

Electron [100] [111] > [110] Iig>hter
Hole [100] >> [110] [111]



Numbers of Quantum Channels

Quantum channels denote subband edges within 0.1 eV from CBM and VBM

CB VB --[100]
= 10 ~e—[100] = 07 = [110]
288 Bl g% 8 (1]
S _ - [111] S
=L 6 o+~ 6 r
5 Y 5o
= c 4 r o S 4
o 5 g <
E5 2 ¢ Sc 271
Z Z
O | | | | | J O | | | | | J
O 1 2 3 4 5 6 0O 1 2 3 4 5 6
Diameter (nm) Diameter (nm)

Quantum channels increase in large wire
Quantum channel ‘ Passage for transport

CB [110]  [111] <« [100] more
VB [111] < [110] < [100]



SINW FET Fabrication



SINW FET Fabrlcatlon

3) S/D & Fin Patterning

QO Sacrificial Oxidation

Oixde etch back

SIN sidewall support formation

Gate Oxidation & Poly-Si Deposition

Gate Lithography & RIE Etching

/ Gate Sidewall Formation

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

— Backend | siandard recipe for gate stack formation




Fabricated SINW FET

SINW
SIN support

_' } 500nm




14V, and 1,V Characteristics
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Effective mobility extraction
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Output characteristics of 10x10cm?

SINW FET
103
— * V=1.0V
< 10°5]
% 107 V=50mV
3 10°
5 10 L,=160nm
O 1013 T,,=3nm
(A)10x10nm?
-15 ‘ ‘ ‘
10 -1.0 -0.5 0 0.5

Gate voltage (V)

1.0

Drain current (uA)

40

357
30|
25 |
20 |
157
10 |

0

02 04 06 08 1.0
Drain voltage (V)



S. S. gnd DIBL

90 (a)

80|

70]

60
30|(®)

60|
40}
20
0

DIBL (mV/V) S.S. (mV/dec

(A) (B) (C) SOl
10x10nm?2 10x18nm?2  10x25nm?

Nice electrostatic control of gate enables small S.S.
and DIBL



On current assessment

2 s

5 * O 7
3 25} O

Z o0l L,=160nm

_O 15 Tox=3nm
—~

= 10007 _

= 800( ) L,=160nm
ey 500 To=3nm
< i
3 400|

% 200} | wire FETs normalized by perimeter
— o I o
(A) (B) (©) SOl

10x10nm2 10x18nm? 10x25nm?2

A slight enhancement in |, is observed when

normalized by perimeter




Obtained lon with reported data

40 ONMOS OPMOS -
° our wor

35 | 10 TR

—~30 | 10x25nm?2
1

<§3_25 - (10)e
CZ) 20| (8.5% (% 10x10nm? 1OX18.”m2
= 15 | . 8) (30)

10 | (8) (10) O

- | (3)® (19)

(3)©
O | |
1 10 100 1000

Gate Length (nm)

Even with large L, fairly nice 15y have been achieved



On current evaluation base on gate width

I Year | half-pitch
SOl
D (nm), P
h— 2010 45
L L 2014 28
— -
s> s, s 2018 18
wire 11— 2022 11
* (based on ITRS2008update)

Numbers of wires are determined by the lithographic technology
N 1000(nm) or 1000(nm)
- P D+P/2

(at D<P/2) (at D>P/2)




Performance of SINW FET In ITRS

3500
.
3000 | /5uAlwire
~~
- 2500 |
= I scalmg from|
2 2000 60nm to 80nm
2 1500l /
- : 50uA/wire
O
— 1000f T,, scaling from .
| — 3nmto 1.5nm uA/wire
500 |
0 Sample (A) L,=160nm, 10x10nm?| Year
2010 2014 2018 2022

With device scaling in T, and L, SINW FET can exceed the
required performance in ITRS



