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More functions
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Silicon technology Nanotechnology



/ﬂ IRAI Beyond-CMOS devices with novel architectures
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A irar MIRAI project and TSC

MIRAI project consists of parts of three organizations.

AIST ASET Selete
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s MIRAI project

MIRAI ( Millennium Research for Advance Information Technology ) projectis 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 ( Tsukuba Semiconductor Consortium ) is a virtual organization
to enhance collaborative works between Selete and MIRAI.
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A rar TSC (MIRAI project and Selete )

Location : Tsukuba Ibaraki, Japan e
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Organization of MIRAI

Project Leader / Chief Science and Technology Officer
MIRAI management board (AIST/ASET/Selete)
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Rough sketch of TSC R&D Targets
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A irar FUVL system

Reflection type
mask

Illumination
optics

L]

EUV source
(A =13.5nm)
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Projection
optics

=

Collector
optics

MIRAI project development

( No defect is allowed on a mask ! )

m Quality check and control by 13.5nm
® Phase defect detection and control

® Pattern defect detection and control
®m Contamination-free carrier
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/ﬂ IRAT EUVL Program schedule
FY 04 05 06 07 08 09 10 11 12 13
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Resistivity [uQ cm]

Future issues of
Cu/Low-k interconnect
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Line width [nm]
» Resistivity

»Reliability (EM)
»Process complexity

Post-Cu interconnect

CNT via in low-k as a post-Cu via

Bundle of
: MW-CNT
i 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)
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A irar CNT via using cobalt catalyst

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

40 nme via

Resistance (W/via)

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

Multilayer interconnect
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/ﬂnw On-chip optical interconnect

On-chip integration with Si
LS| and nanophotonics

Nano-waveguide

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

I
_, /] /I{r

- High speed communication by - Nano-photodiode

wavelength multiple optical %i = Micro EO device

transmission within blocks and chips. S —
( >100Gbps ) i
1. Clock sharing 2. Global interconnect or

Nano-photodiode Interconnect between chips

Circuit block
Amplifier + Clock
generator Micro EO
Micro waveguide modulator
Optical Connector Micro AWG
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/ﬂﬂw Optical micro devices for on chip interconnect

Micro EO Modulator Arrayed waveguide gratings (AWG)

10-100 pm

Low Voltage : ~1V

Speed Response: >20GHz Sharp bending (loss<0.1dB)

8, 0.003 Aetrgsol-Deposited PLZT
= :100-170 pm/VY

C 0.002

)

g 0.001

= "1 Lithium Niobate
@© 0

= : 17 pm/V

- _

m N NNi

Electric Field, E (kV/cm)

K. Ohashi, ISSCC 2006
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/ﬂIRAI 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

Large-scale SRAM operation region
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0.20 variation
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Drive Tr, Vth (V)
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A irar Variability issue in future LSI

1007
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> 50 Electrical property variation Electrical property vari_ation complexly
g) simply correspond to process cor_res_pond to many kinds of process
pras variation VEGEUIO . .
oo - V. o DL R * V4, © DL, DN (impurity),
s Ol L bt ~ Beforess DStress
2% on ox Improvement Vins - l,, © DT, DN (impurity),
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Device Generation
_ <100nm Process generation
SO FOEEEs CENEIRIIOT Yield improvement strategy —
Yield ImprO\./ement Strategy ] Device structure improvement ‘ Val’labl|lty-r0bUSt
¥ Process improvement I Circuit design improvement transistors and LSl
by one-by-one analysis E  Process improvement

by analyzing combined reasons
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/n IRAI Evolution of CMOS miniaturization T.Eimori, SFJ2006

Modified by H.W.

CoSi2 Dual poly-Si Gate

‘ l SDE, pocket
- ‘ Oxynitride film
L9210 im | 7 -

“

Relax. of lateral Decrease in 0 13 u m
electric field parasitic R PMOS drivability improvement
Gate leakage
Scaling rule evolution improvement ‘_ J
L]
Local Strain 70-90 nm

Reliability of
gate insulator

40-60 nm
Leakage control Mobility
Reliability enhancement
Ultra-scaled Robustness
Non planar CMOS Planar CMOS

Booster-assisted evolution
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CMOS booster technologies
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Mobility Enhancement Technologies
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— S' 1 Commercially
—BOX__ available SOI
Si sub. substrate

—Sh,Ge,— SiGe

x>0 epitaxial growth

High
se temperature Sio, Strained Si
- Si0, | oxidization removal Si %
................................. Sil- Ge ( X > 0.3 ) epitaxial grOWth /////////////A

- ‘ - ‘ -

20



/ﬂzmz Formation of GOI (Ge-On-Insulator) substrate
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GOl thickness can be controlled RO, SRk QoK %' (5||\/|5)

In the range of 35nm ~2nm by | ;5,?:?13*1* LAMEOE NIy dedly
adjusting Ge concentration of B P

initial SiGe epitaxial growth
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/ﬂ IRAI 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

Metal [ Vin control !
[ Jg control ! E""E O(WF adjustmle;\t
_ : High:k @ | FLP contro
® Higher-k = l: & ¢ ¢ [:]| 4 SymmetricVth
@ Less defect P Li =2 | @ Interface charge
@ Interface flatness gt ,  control )

Si

® High mobility and high reliability are
must after total integration process.
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A irar Quality control by annealing process

No Anneal PSA (1050 C)

High-k deposition NiSi NI
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=
Q
N

\Y) e
-1.5 0.0 1.5
Gate voltage (V)

e Symmetric V, can be obtained
at [Al] 25 at.% for poly-Si.

Control of FLP by chanaging Al content in HfAION

FLP position
E
HfON ©
HfAION
Al,O
2~3 E

HfAION Is an attractive
material because It can
obtain a symmetric Vth of
NMOS and PMOS by
controlling Al concentration.

M. Kadoshima et al., VLSI Symp. 2005 p.70
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/ﬂ IRAI  Targets of Hf-based gate stack leakage current
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Modified from the figure reported by A. Toriumi et al. ( Microelectronic Engineering 80 (2005) 190 )
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/ﬂmAz Metal-gate / High-k gate stack management

NMOS PMOS
Metal ( Q! ) W, poly-Si
Metal (Vth}) P(%bNiESi’%S:\i Pt, Ru, Re, PtSi,, Ni,Si,
(WEM) ( Taé i I\r/l’o)Si)N’ MoN., TiSiN, TiCN;
High-k (Dipole LasO, Al,O,,AIN
b HfLaO HFAIO
High-k (Jg{ ) al | HfSiON, HfO, ,HfAION :
IL(ut) SiO,, SION
S; N /I Non /| F /i
(channel)

€ All materials and elements shown here are reported at VLS12005, VLSI2006,

IEDM2004 and IEDM2005.
€ More material combinations are proposed in world-wide patents.
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Metrology and characterization by MIRAI

roject

- N
d # Scanning
T =) probe

eCD ® Strain metrOIOQy

KoEdge roughness @ Impurity positioD

LER 3D measurement
by laser interference

Strain distribution
measurement by AFM
probe near-field Raman
scattering

Raman
scattering / /Nano
'\\ silver
Q4
"2

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
P (B—dope). n*: As I/1

N
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.ntRAI Huge semiconductor aEEIications grown IN Jagan

Broadband communication e le comitnieston . Digital home
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Partner Robot
HONDA B =

Digital entertainment

Supercomputer
E : : .
o **_Japan @ Various semiconductor devices are key
o Peta = USA ~<— Blue Gene .
S o o components for their performances.
T Giga e . . :
" wgto”  Earth simulator @ Ultra—low power consumption of LSIs is
ega cwuE- . . .
1990 1995 2000 2005 2010 2015 a strong demand in all these appllcatlons.
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/ﬂmz Japan’s next semiconductor market : Partner robot
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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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