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Outline

� Basics in CMOS scaling

� What fuels the scaling?
� Higher integration density

� Material engineering

� Device architectures

� What could stall the scaling?
� Lithography / affordability

� Material engineering

� Physical limits

� Conclusion

How can the new materials and device architectures help?
What are the key challenges, e.g. manufacturability, or affordability?
What are the constraints, patterning, materials, or simply the physics?
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Basics in CMOS scaling
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What Gordon Moore actually said?

G. Moore - 1975

Higher integration density

Digital revolution

G. Moore Electronics Vol.38 (8) April 19, 1965

More at lower cost

no reference to
performance increase
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The happy scaling

R. Dennard © IEEE
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The happy scaling

R. Dennard © IEEE
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Diverging priorities

after Zhyrnov
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Logic scaling

Device view

power performance

from G. Moore Electronics Vol.38 (1965)

Product view

power performance

area

design
efficiency

complexity

cost
TTM

legacy

after K. Schrüfer VLSI-TSA Short Course 2011
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Power – performance trade-off

after K. Schrüfer VLSI-TSA Short Course 2011
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Equivalent scaling for logic devices

Idsat ≈ µ . Cox / Lg
short channel effect

new transistor architecture
better electrostatic control

low EOT

high k materials

lithography

classical scaling

*
cm

q
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τ⋅=

↑↑↑↑ mobility

by strain

new
materials

SiO2 limit

out of equilibrium operation
use of quantum effects
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Memory drivers

Memory cell = multiple stable and noise-immune states
which can be externally switched and measured

Aggressive dimension scaling
Move into the 3rd dimension

#2. Non-volatility#2. Speed

#1. Integration density

#2. Power consumption (read, write, store)

#3. Correction of defective storage

DriversDriversDrivers
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The segmented memory universe

DRAM

SRAM
NAND, NOR

Dense
Scalable

Non volatile
Fast

Low power
Reliable
Cheap

26nm 64Gb MLC NAND

25nm 2Gb DDR3 DRAM

few publications
few pictures

below ≈ 45nm

256Mb SRAM

Courtesy: Intel
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The quest for the “universal” memory

Dense
Scalable

Non volatile
Fast

Low power
Reliable
Cheap

Q

FeRAM

flash

STTRAM

ReRAM

R
PCRAM

64 Gb

K.  Fukuda et al.
ISSCC 2011 #11.1

1 Gb

H. Chung et al. ISSCC 2011 #28.7
256 kb

Alexander Driskill-Smith NVW 2010

128 kb

H Akinaga Proc IEEE 98 2237 (2010)

CH. Hung et al. VLSI 2011 #4B-1
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Fueling the scaling trend
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Higher integration density
Lithography as an enabler
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Lithography: forget classical limits

NA
R

λ⋅= 22.1

Rayleigh’s criterion

from Wikipedia
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High integration density

Lithography: the key enabler

NA
kR

λ⋅= 1Resolution

Depth
of focus

Overlay

Resolution Enhancement Techniques

↓ λ (193nm → 157nm → EUV)

high NA optics

22 )(NA
kDOF

λ⋅=

from Future Fab vol.16
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Material engineering
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metal gate

High k – metal gate

1998 2008

<Si>

Hf-based high-k
SiOx interfacial layer 

metal cap/doping for φm control 

+ O control
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III-V

from G. Doornbos et al. IEEE EDL 31 1110 (2010)

from A. Lubow et al. APL 96 122105 (2010)

Material
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from T. Skotnicki IEDM Short Course 2010
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Device architectures
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Ultimately scaled CMOS: no limit?

SD Juk et al.
VLSI 2009 #7.4

Lg = 5nm

H.Wakabayashi et al.
IEDM 2003 #20.7

Nanotech 2004

Lg = 10nm

N. Yasutake et al.
VLSI 2004 #9.1

S.Deleonibus et al.
IEEE EDL 2000

Lg = 25nm

Lg = 3.8nm
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…and new architectures have their

own scaling paths down to 10nm

FDSOI

from L. Clavelier et al. IEDM 2010 #2.6

FinFET

from K. Cheng et al. VLSI 2011 #7.1

Lg=22nm

22nm CMOS
from JB Chang et al. VLSI 2011 #2A-1
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Can the scaling stall?
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Lithography
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Lithography: a 2005 vision

from

Strategic Research Agenda

193i

ML2

EUV

disruptive technologies?

193nm

248nm
157nm

time

from M. Brillouët EEA 2010
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Lithography: present perspective

65nm 45nm 32nm 22nm 14nm

193i

90nm130nm

193nm

248nm
157nm

+ multiple
patterning

EUV

ML2
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NGL: “α-tools”and β-tools” exist, but…

from H. Mailing Semicon West 2010 & IMEC, EUV Symposium ’09

EUV

source power?
mask infrastructure?

resist?

…

ML2

maturity?

throughput?

resist?
…
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Slow progress in EUV source power
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What next step?

if no shrink through litho …? 3D
but…
• sequential process ↔ cost
• …

bigger wafer size
but…
• feasibility on 1+nm CMOS?
• insertion node?
• who will pay?
• …

?

from P. Batude et al. VLSI 2011 #9A-1

© Dennis Publishing Limited
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Bigger wafer size: is that affordable?

Source VLSI Research (2011)

Semiconductor Equipment Industry Spending to Develo p New Wafer Size Platforms

≈$12B
for 300mm

≈$10-40+B
for 450mm?
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The other side of “Moore’s Law”

after IHS iSuppli & S. Tedesco LithoVision 2011

"The enormous cost of advanced semiconductor 
process technology is whittling down the ranks of 
leading-edge foundries," said Len Jelinek, director 
and chief analyst of semiconductor manufacturing 
at IHS 

16/14 nm 12/11 nm

?

?

? ?

TSMC

Globalfoundries

STMicroelectronics

Intel

Samsung

22/20 nm
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Material engineering
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III-V potential technology issues @<10nm

300mm or 450mm Si

buffer or insulator

III-V
large substrate

high quality material p p-channel material

high k’s
w. few defects

sub-10nm patterning
metal gates

salicide
w. low ρ, Rc & Ileak

high dopant
activation

+ ESH
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III-V: device physics

from T. Skotnicki et al. VLSI 2010 153 & IEDM Short Course 2010
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III-V: …as an interim conclusion…

Si
InAs

HEMT
InGaAs

MOS
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Interconnection: any breakthrough?
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Cu
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keep ρ ≤ 3 µΩ.cm
while scaling
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Incubation time for new technologies
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Physical limits
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Physical limits?

“I am not convinced that there is any such thing as an
“ultimate” limit .

In fact, finding ways to surmount those obstacles
that, at the present, seem to be the limits

is what technology is all about”
R.W. Keyes, IEEE Spectrum, vol. 6, pp.36-45 (1969) 
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Conclusion
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A 1975 IC Technology Roadmap

 1977 1979 1981 1983 1985 

      
TECHNOLOGY: NMOS  CMOS  non-Si 
      
MATERIAL: Silicon GaAs 
      
LITHOGRAPHY: Optical E-Beam / X-Ray 
      
MIN. FEATURE: 4µµµµm 3µµµµm 2µµµµm 1.5µµµµm 1µµµµm 
 

What makes us think that we can forecast more than
~5 years of future IC technology any better today ?!!

from R. Doering 8th Annual High Perf Embedded Computing Workshop Sept.28, 2004.
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When the roadmap will end?

from T. Wallmart et al. IEEE ED 9 111 (1962)

1962!

from G. Moore ISSCC 2003
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Exponential growth…for some time

Sound speed

Speed (km/h)
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growth
rockets

maturation, added value

After Iwai, ESSDERC 96

functionality

from Wikipedia

from Wikipedia
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