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Key messages

• To extend Moore’s law, Intel is addressing 
energy at all platform levels

• Intel is making steady progress in low 
power systems, platforms, interconnects 
and devices

• Intel is collaborating with the external 
research community to develop novel, 
beyond CMOS low power device research
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Outline
• Introduction

– Moore’s law
– Current status

• Steady progress in low power CMOS devices
– 45 nm HK-MG for low power
– High mobility, low power III-V devices
– CNTs and graphene devices
– Tunneling devices

• Exploration of low power beyond CMOS technology
– Spin devices
– Phase change devices and materials
– Pseudo spintronics devices 

• Conclusion
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Moore’s Law applied to 
energy

Energy per Energy per 
transistor goestransistor goes

DOWN

~ 1 Million Factor Reduction In Energy/Transistor Over 30+ Years~ 1 Million Factor Reduction In Energy/Transistor Over 30+ Years
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Moore’s Law:
Delivering Data Center Optimization

2002
• 3.7 TFlops
• 25 racks
• 512 Servers
• 1000 sq ft
• 128 kW

2007
• 3.7 TFlops
• 1 rack
• 53 Blades
• 40 sq ft
• 21 kW
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PC Energy Consumption is dominant

LAN & Office 
Telecoms (7%)

Printers (6%)

Servers, 
including cooling (23%)

PCs & 
Monitors 
(39%)Fixed-Line 

Telecoms 
(15%)

Mobile 
Telecoms 
(9%)

Greatest overall 
effect can be made 
at the desktop and 

client devices
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Estimated Annual Energy ConsumptionEstimated Annual Energy Consumption

Unmanaged PentiumUnmanaged Pentium®® D Processor D Processor 
945 with CRT display945 with CRT display
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Unmanaged PentiumUnmanaged Pentium®® D Processor D Processor 
945 with LCD display945 with LCD display

Unmanaged CoreUnmanaged Core™™2 Duo 2 Duo 
Processor E6550 with LCD displayProcessor E6550 with LCD display

Managed CoreManaged Core™™2 Duo Processor 2 Duo Processor 
E6550 with LCD displayE6550 with LCD display

Managed CoreManaged Core™™2 Duo Processor 2 Duo Processor 
T9400 mobile platformT9400 mobile platform

229229

3838

GoingGoing
MobileMobile

1015 1015 
938938

655655

>26x Reduction>26x Reduction

Potential Energy Savings Enabled by 
Moore’s Law

Performance tests/ratings are provided assuming specific computePerformance tests/ratings are provided assuming specific computer systems and/or components and reflect the approximate performar systems and/or components and reflect the approximate performance of Intel nce of Intel 
products as measured by those tests. Any difference in system haproducts as measured by those tests. Any difference in system hardware or software design or configuration may affect actual perrdware or software design or configuration may affect actual performance. This formance. This 

data may vary from other material generated for specific marketidata may vary from other material generated for specific marketing requests. ng requests. 

Energy savings comes from combination of 
transistor scaling and architectural innovations
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Sources of energy dissipation in PC
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Outline
• Introduction

– Moore’s law
– Current status

• Steady progress in low power CMOS devices
– 45 nm HK-MG for low power
– High mobility, low power III-V devices
– CNTs and graphene devices
– Tunneling devices

• Exploration of low power beyond CMOS technology
– Spin devices
– Phase change devices and materials
– Pseudo spintronics devices 

• Conclusion
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Transistor scaling limited by         
SiO2 gate insulator

Further SiO2 scaling results 
in excessive gate leakage

Silicon substrate Silicon substrate

Polysilicon
Gate Electrode

SiO2
Insulator

High-k + metal gate reduces 
gate insulator leakage and 

improves performance

High-k 
Insulator

Metal 
Gate Electrode

Standard Transistor High-k + Metal Gate

Transistor Scaling Challenges
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Fundamental Change to 
Transistors

65 nm 
Transistor

Polysilicon gate

SiO2 insulator

2nd gen. 
Strained Silicon

45 nm HK+MG 
Transistor

Silicon substrate Silicon substrate

Metal gate

High-k insulator
Hafnium based

3rd gen. 
Strained Silicon

S DS D
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45 nm High-k + 
Metal Gate 
Performance / Watt 
Benefits

>10x lower gate 
insulator leakage

>30% lower 
switching power

>20% higher drive 
current

>5x lower source-

Delivering Real Perf/Watt 
Improvement
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High-k + Metal Gate Transistors
65 nm Transistor 45 nm HK + MG

Hafnium-based high-k + metal gate transistors are the biggest 
advancement in transistor technology since the late 1960s
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Outline
• Introduction

– Moore’s law
– Current status

• Steady progress in low power CMOS devices
– 45 nm HK-MG for low power
– High mobility, low power III-V devices
– CNTs and graphene devices
– Tunneling devices

• Exploration of low power beyond CMOS technology
– Spin devices
– Phase change devices and materials
– Pseudo spintronics devices 

• Conclusion
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17.717.714.814.812.412.4161611.811.8Dielectric Dielectric 
constantconstant

0.170.170.360.361.4241.4240.660.661.121.12Bandgap Bandgap ((eVeV))

85085050050040040019001900430430Hole mobilityHole mobility

77000770004000040000920092003900390016001600Electron Electron 
mobilitymobility

InSbInSbInAsInAsGaAsGaAsGeGeSiSiMaterialMaterial ⇒⇒
Property Property ⇓⇓

Picking the Right HighPicking the Right High--µµ MaterialMaterial
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New Material Integration for High-
Performance Transistors
N-channel built on Silicon (IEDM 2007)

Peak fT > 400GHz at Vcc = 0.5V

Background:  III-V Integration with 
Silicon

Opportunity

• Higher mobility allows radical voltage 
scaling for 10x power reduction

• New material and deposition methods           
already in use starting with 45nm node

Key Challenges

• Integrate with Silicon Infrastructure

• Integration with Conventional Design

• Comparable Density and Cost

Si

InGaAs QWFET on Si
[LG = 80nm]
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New Material Integration for High-
Performance Transistors

P-channel with compressive strain (IEDM 2008)

Peak fT > 140 GHz at Vcc = -0.5V

High performance III-V p-channel
– Demonstrated with InSb
– Compressive strain to raise mobility
– 10x reduction in power vs equiv Si
– Highest performance P-channel 

reported to date
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Graphene nanoribbons

Unfolding carbon nanotube to nanoribbon

• Lithographically defined graphene 
nanoribbons have poor control of 
width, high roughness => resistance. 
• Method for unfolding of nanotubes 
to nanoribbons
• Well controlled nanoribbons for a 
transistor channel, gate effect 
demonstrated. 

*Courtesy of Hongji Dai, Stanford. L.Jiao et al., Nature 458, 877 (2009).

16nm wide 7nm wide
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High Mobility Top Gated 
Graphene FET

Schematic of dual gated graphene FET

•High k dielectric of Al2O3 grown by ALD

•Thin Nucleation layer of Al deposited 
on graphene to facilitate adhesion of 
Al2O3  on graphene

•No degradation of electron mobility in 
graphene observed µe > 6,000 cm2/Vs

•Impurity concentration on graphene 
surface ~1.2 X 10 12/cm2

•First demonstration of top gated 
graphene device devices without 
significant mobility degradation

*Courtesy of Seyoung Kim et.al, U of Texas, Austin. S.Kim, Appl. Phys. Lett. 94, 
062107 (2009). 
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CVD graphene, transistor 
structures

• Single crystal continuous graphene film 
grown by CVD on SiC, few monolayers. 
Proven by STM measurements.
• Developed gate dielectric on graphene 
preserving high mobility, (5000cm2/(V*s)). 
Transistor structure – gate effect.
• Working on etch of nanoribbons width 
<20nm, for high-performance graphene FET.

*Courtesy of Jim Cooper, Purdue U. Y.Q.Wu et al., Appl. Phys. Lett. 92, 092102 (2008).
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Room Temperature CNT FET

• 1.7 nm CNT
• Pd S/D contacts
• Tox = 8 nm HfO2
• Al top gate
• Ion/Ioff ~ 104

• SS ~ 72 mV/decade
• MFP ~ 10-15 nm at 

2V

Javey et. al, Proc. of SPIE Vol. 5732 P 14
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Misalignment immune CNT logic 
gates*

• First demonstration of full-
wafer-scale growth of 
directional carbon nanotubes
(CNTs) on 4” single-crystal 
quartz Wafers

• First demonstration of full-
wafer-scale CNT transfer from 
4” quartz wafers to 4” silicon 
wafers for integration on silicon

• Integration of full-wafer-scale 
growth and transfer, together 
with metallic-CNT removal

• First demonstration of 
misaligned-CNT-immune 
digital logic structures on a full-
wafer-scale

• Increase CNT density needed

HSP Wong, VLSI Conference 2008
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Tunneling transistor simulations
• Simulated and compared p-i-n and n-i-n carbon 
nanotube transistors with scattering. Subthreshold 
slope below 60meV/dec in tunneling transistor => 
lower voltage swing (0.3V).

*Courtesy of Mark Lundstrom, Purdue U. S.Koswatta et al., IEEE TED 56, 456 (2009). 

EF1
EF2

ION

VG > 0, VD > 0: 

ON state

EF1
EF2

IAmbi

VG << 0, VD > 0: 

Ambipolar conduction

EF1
EF2

VG ~ 0, VD > 0:

OFF state

qVD

Band diagrams
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Tunneling transistor simulations 
(2)

VDD = 0.3V n-i-n
MOSF

ET

300K to 
400K

p-i-n
TFETVDD = 0.3V

n-i-n
MOSF

ET

p-i-n
TFET

Ballistic 
Scattering 

*Courtesy of Mark Lundstrom, Purdue U. S.Koswatta et al., IEEE TED 56, 456 (2009). 

• Tunneling transistor is competitive with MOSFET for moderate on-
current, show better switching energy due to inherently lower capacitance.

power-delay product=
switching energy

on-current where tunneling FET
has advantage
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Outline
• Introduction

– Moore’s law
– Current status

• Steady progress in low power CMOS devices
– 45 nm HK-MG for low power
– High mobility, low power III-V devices
– CNTs and graphene devices
– Tunneling devices

• Exploration of low power beyond CMOS technology
– Spin devices
– Phase change devices and materials
– Pseudo spintronics devices 

• Conclusion
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Functionality based taxonomy of 
spin devices

‘Fig 1A Data –Das modulator

Fig 1B  Spin FET

Fig 1C   Spin Gain

Fig 1D  Spin Wave logic

Fig 1E  Domain Wall logic

Fig 1F  Spin Torque logic
SS

S
S

S

S
S

S
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SPIN-FET*
• Large magnetocurrent ratio 

for nonvolatile memory and 
logic functions

• High transconductance for 
high speed operation,

• High amplification capability 
voltage, current and/or 
power gains to restore 
propagating signals between 
transistors,

• Requires room temperature 
half metal contacts

• small power-delay product 
and small off-current for low 
power dissipation

Sugahara and Tanaka, APPLIED PHYSICS LETTERS VOLUME 84, 
NUMBER 13 29 MARCH 2004
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Spin gain device*

• Provides spin 
polarization gain

• Carrier induced 
spontaneous 
ferromagnetic 
transition

• MnGaAs with FM 
source drain

* Nikonov and Bourianoff, IEEE TRANSACTIONS ON NANOTECHNOLOGY,
VOL. 4, NO. 2, MARCH 2005
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Spin wave amplifier -parametric*
• Input Power: 5.4 

dBm @ 1.30 GHz
• Pump power: 

16.0 dBm @ 2.60 
GHz

• Bias magnetic 
field: 91.3 Oe.

• Output power 
increase: 6.4 dB 
@ 1.30GHz

* A. Khitun, in press
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Spin wave interference device*

• Three terminal device
• In-phase/Off-phase 

ratio for 1.5GHz
• Bias magnetic field 

window (-650Oe > 
+650 Oe)

• All measurements at 
RT

• Gain ~ 3 DB
* Wu et.al, submitted for publication APL
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Spin wave amplifier –
magnetoelectric *

• Two-phase 
multiferroic
(PZT+CoFe)

• Coupling coefficient of 
50mV/(cm×Oe)

• Coupling efficiency 
estimated to be 97%

• Bias field of 500 Oe
• Amplification ~30X
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Full adder MTJ memory in logic 

• Fabricated on 190 
nm CMOS process

• MgO based MTJs
• Uses novel SyF

layer to minimize Jc
• Dynamic power 

reduced >80%
• Static power 

reduced
• Reduced 

component count
Matsunaga et. al. , Applied Physics Express 1 (2008) 091301
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Field induced phase transition in VO2 device*

*Courtesy Shriram Ramanathan, Harvard University

•Hall field measurements 
show 4 order of magnitude 
charge density increase at 
phase transition

•Room temperature, thin 
film measurement

•Differentiated from 
thermally induced transition 
by Raman measurements

•Potential for fast (>1 ps), 
1V, RT MottFET device
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Two-Dimensional Electron Gas Confinement at 
LaAlO3=SrTiO3 Interfaces*

SrTiO3 P
BaTiO3

2DEG

LaAlO3

*Karolina Janicka, Julian P. Velev and Evgeny Y. Tsymbal, U of Nebraska

•2 dimensional electron gas (2DEG) at the LaAlO3/SrTiO3 interface
•High charge density >1014 /cm2 – high mobility >100
•Polarization field determined by internal electric field
•Potential for a Ferroelectric Tunnel Junction
•Evidence for magnetism, both experimental and theoretical 
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Bilayer pseudoSpin Field Effect Transistor (BISFET)

Gate controls interlayer tunneling 
between a p-type and an n-type 
graphene layer in the presence of 
an electron-hole exciton
condensate.

•Room temperature graphene is a 
gapless zero bandgap
semiconductor with nearly identical 
conduction and valance bands

•Bilayer graphene structures can 
perhaps support excitonic electron 
–hole condensates 

•Recombination of electron hole 
condensates can be controlled by 
applied gate voltages

•Spice model constructed that 
captures primary characteristics

•100 GHz, 25mV operation with 5aJ 
per switching event
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Conclusions

• To extend Moore’s law, Intel is addressing 
energy at all platform levels

• Intel is making steady progress in low 
power systems, platforms, and devices

• Intel is collaborating with the external 
research community to develop novel, 
beyond CMOS low power device research 


