Next Steps in Moore’s Law:
Transistor Scaling
for the 15nm node

and beyond

Kelin J. Kuhn

Intel Fellow
Director of Advanced Device Technology
Portland Technology Development
Intel Corporation

Kelin Kuhn / Nikkei Electronics Symposium / June 29", 2010



Consistent 2-year scaling
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Changes in Scaling

THEN NOW
e Scaling drove down cost e Scaling drives down cost
e Scaling drove performance e Materials drive performance
 Performance constrained « Power constrained
« Active power dominates o Standby power dominates
* Independent design-process  Collaborative design-process

130nm 90nm 65nm 45nm 32nm
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MOSFET
Challenges

.
Resistance
(Decreased S/D
opening)

Capacitance
(Increased fringe to
contact/facet)

Contact

cer

Gate control
(SCE limitations
with smaller Leff)

Mobility
(Reduced strain with
decreased pitch)
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Ultra-thin body Benefits
with RSD

Compatible
with RSD
technology

Extension of
planar technology
(less disruptive to

manufacturing)

Improved RDF

(low doped
channel)
Excellent Potential for
channel body bias

control
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Ultra-thin body Challenges
with RSD

Capacitance

(Increased fringe to Variation: >
contact/facet) (film thickness

changes affects
VT and DIBL)

)

o

Rext:
(Xj/Tsi
limitations)

Performance:

= (transport challenges

Strain:
(strain transfer from
S/D into the channel)

Manufacturing: with thin Tsi)
(requires both thin
Tsi and thin BOX
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Ultra-thin body
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MuGFET Benefits

l<\ my ideal sub-

Doubl | threshold slope
STl USIEENE (gates tied together)
TSI requirements

Fin Wsi > UTB Tsi
(less scattering,
improved VT shift)

v \

(low doped
l_ channel)

‘ Improved RDF
o=

Excellent
channel
control

Can be on
bulk or SOI
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MuGFET Challenges

Variation
‘ (Mitigating RDF

but acquiring
Hsi/Wsi/epi)

Gate wraparound
(Endcap coverage)

Capacitance
(fringe to contact/facet)
(Plus, additional “dead
space” elements)

Small fin pitch
(2 generation scale?)

Fin/gate fidelity on 3'D
(Patterning/etch)

Fin Strain engr. et Topology
(Effective strain (X'/Wéi (Polish / etch
transfer from a fin A challenges)
: limitations)
into the channel)
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Kavalieros — Intel — IEDM 2006 M u G FET
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Nanowire

Nearly ideal sub-
threshold slope
(gates tied together)

Nanowire further
relaxes Tsi / Wsi
requirements

4

Benefits

Improved RDF
(low doped
channel)

Excellent
channel
control
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Nanowire

Integrated
wire fabrication
(Epitaxy? Other?)

(A

Mobility degradation
(scattering)

Fin Strain engr. E5

(Effective strain
transfer from wire
into the channel)

Wire stability
(bending/warping)

Rext:
(Xj/Wsi

limitations)

Kelin Kuhn / Nil
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Gate conformality
<] (dielectric and metal)

mp

Challenges

Capacitance
(fringe to contact/facet)
(Plus, additional “dead
space” elements)

Ve

Variation

(Mitigating RDF but

acquiring a myriad
of new sources)

Fin/gate fidelity on 3'D
(Patterning/etch)

Topology
(Polish / etch
challenges)

0 13




Dupre — CEA-LETI — IEDM 2008 Nanowire FETs
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Vertical
Architectures

Vertical orientation
may enable new
circuit concepts

Possibility for different N/P
materials/orientations

Benefits

50% reduction in
“plan view” density

Reduced vertical
interconnect
capacitance
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Vertical Challenges
Architectures

Rext: Gate conformality Thermal processing
(Xj/Wsi (dielectric and metal) (Top layer may need to

limitations) be processed over
existing bottom layer)

-
Fin/gate fidelity on 3'D \_

[

(Patterning/etch) - - NN/ Contacts
d (Diffusion-diffusion,

Topology Gate-gate contacts
(Polish / etch extremely challenging)

challenges)

Lithography
(May double the number
of FE critical layers)

Capacitance
(fringe to contact/facet)

(Plus, additional “dead —

space” elements) ~Variation Strain engineering
Mitigating RDF but (more challenging
acquiring a myriad than single layer)

,\ of new sources
intel) Kelin ¥ ) hpostum 7 June 20, 2010 16




Batude — CEA LETI - IEDM 2009 — stacked 110/100
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2/ High quality top Glm |
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Jung — Samsung - IEEE TED 2010 — 3'D stacked 6T

3D Stacked 8T SRAM Cell (25F7)«
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Transistor Performance Trend

1.5
1.0V, 100 nA | o+ 32nm
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Drive s5nm
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0

B Strain
B Hik-MG

Other
. “Classic” scaling

Strain is a critical ingredient in modern transistor scaling

Strain was first introduced at 90nm, and its contribution has
Increased in each subsequent generation
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Strain In modern

devices N
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ORIENTATION

(100) surface —top down (110) surface —top down

<110> <100>
Standard wafer / direction

<100>  (100) Surface /<110> channel <111>
‘ (110) Surface

(100) Surface / <100>

<110> (a “45 degree” wafer) <110> -(Ij-irr](raec(teiclaor?sSSible channel

<110><111> and <100>

Non-standard

Both <110> directions are the
same.

(100) BEST NMOS (110) <110> BEST PMOS
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Orientation and Strain:
More complex for non-(100) orientations

_ _ (001) Surface
(001) Surface (k1=0) (001) Surface Vg=-1V Vg=-1V, Sxx=-1GPa

(100)

HH bulk (kz=0) HH 1st subband HH 1st subband

<110> &

-03 -02 -01 ] 0.1 0.2
<110> 2pi/a

(110) Surface
Vg=-1V, Sxx=-1GPa

1'D CONFINED 1'D CONFINED

_ ‘ STRAINED
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Planar Resistive Elements

RCONTACT

RSILICIDE

RINTE

Rinterface: Reduction in
Schottky Barrier Height

13

Rinterface oC exp{

B Schottky theory
O Experiment
1.1 1oy period transition =~~~ "~~~ 7~ 5" period transition =~~~ =~~~ -~ - 6" period transition
1 metals metals metals .
] - Desired
o9 ¢4+ =0 . B . @ L T for
— - PMOS
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L o7 EE iy - PR e
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0.5 Gap
0.3
Desired
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gL BT AR =t | © NMOS
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0.1

Schottky Barrier Height Reduction is a critical area for
development. Techniques under investigation include
exotic alloys, implants, and Fermi-unpinning layers
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Schottky barrier S/D — an option?

Electron

leakage set

@ by Eg-SBH

Metallic SD
Larson — Spinnaker

TED 2006

Hole barrier
set by SBH

V=V | (On-state I

Conventional

In a metal SB-MOS, S/D
forms an atomically abrupt
Schottky-barrier having the
height ¢b.

The extreme limit for metal
In the S/D regions (with
associated improvements in
Rext)

Unconventional operation
(field emission device in the
ON state)

Needs complementary
devices (midgap silicide or
two silicides)
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Planar Capacitive Elements

- T~ Cfringe to
4 ~ Contact
Cfringe to \ o e e
facet SiBCN (Low-K) SPACER
Ko -TSMC
VLSI 2008

Cfringe to
diffusion (of/if)

Cxud - device - |
component of Cov
(XUD-based) \
\
Cchannel component N
of Cgate Areajl

Gate spacers

removed

unction

SPACER REMOVAL
Liow — NUS Singapore
EDL 2008
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Looking Forward

Low risk
Enhancements in strain technology
Enhancements in annealing/implant technology

Medium Risk
Optimized substrate and channel orientation
Reduction in MOS parasitic resistance
Reduction in MOS parasitic capacitance

High risk
UTB devices
MuGFETS
Nanowires
Vertical Devices
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