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Process Evolution Over Time
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Supporting the Moore’s Law Roadmap
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strain, HK-MG and non-planar TriGate devices 
continues to support and energize the Moore’s Law roadmap



CV/I, CV2 and Ioff Trends
(Average of N and PMOS)
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CV/I and CV2 have steadily improved over time                 
even in the presence of dramatic shifts in transistor targetingeven in the presence of dramatic shifts in transistor targeting 

driven by consumer demand for lower power mobile products.
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22nm TriGate – End of the Planar Era
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C. Auth et al,  VLSI 2012 

The introduction of the TriGate device in the 22nm nodeThe introduction of the TriGate device in the 22nm node 
marked the end of the planar device era



22nm TriGate Performance Comparison
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The 22nm TriGate delivers >35% performance improvementThe 22nm TriGate delivers >35% performance improvement 
over the 32nm generation at 0.7V with 40nA/m Ioff



TriGate: Innovation in Manufacturing
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Successfully integrating 22nm TriGate devicesSuccessfully integrating 22nm TriGate devices 
required innovative new manufacturing technologies
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Electrostatics Improvement with HiK-MG
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TriGateNomenclature
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Gate-All-
Around

A variety of advanced architectures have been proposed

K. Kuhn et al. TED 59:7 2012

A variety of advanced architectures have been proposed 
for improved electrostatic control



GAA: Gate-all-around Architecture

20
12

. T
E

D
 5

9:
7 

Ku
hn

 e
t a

l.

The Gate-all-around architecture is the limit of

K
. 

The Gate all around architecture is the limit of 
structural electrostatic control
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GAA: Gate-all-around Architecture

BENEFITS CHALLENGES
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Parasitic Rext
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Parasitic external resistance continues to be

K
. 

Parasitic external resistance continues to be  
a significant challenge in modern devices.
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WF above EcWF at midgap WF near Ec

Metal Source-Drain Devices
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In a Metal S/D device the metal workfunctionIn a Metal S/D device the metal workfunction
needs to be at or above bandedge

14



Ideal
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The challenge with metal S/D devices is resolvingThe challenge with metal S/D devices is resolving              
Fermi-level pinning at the metal-semiconductor junction
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Advanced Channel Materials
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A number of non silicon advanced channel                     
materials are under evaluation
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“Traditional” Advanced Channel Materials
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The traditional advanced channel materialsThe traditional advanced channel materials 
have improved effective mass in comparison with silicon 



“Traditional” Advanced Channel Materials

BENEFITS CHALLENGES
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2’D Advanced Channel Materials

R. Chau et al, Nature Materials, 2007

2’D Advanced Materials: The possibility for both2 D Advanced Materials:  The possibility for both 
improved effective mass and reduction of scattering.



Carbon-based Advanced Channel Materials
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Carbon-based materials: A key challenge is that theCarbon based materials:  A key challenge is that the 
highest mobility materials have the lowest bandgaps

R. Chau et al, Nature Materials, 2007



Carbon-based Advanced Channel Materials
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Barrier Engineering (Ex: Tunnel FET)

Sufficient
1.E-04

TFET SSufficient 
density of states 
on both the 
transmission and 

Thin enough 
barrier over a 
large enough

1.E-06

1.E-05

A
/u

m
)

TFETS

receiving sides 
to provide 
energetic 
l ti f th

large enough 
area for high 
current 
tunneling. 1.E-08

1.E-07ID
 (A

V S=0 4V

Ch
Ch

D Dlocations for the 
carriers. 

tu e g
1.E-09

0.0 0.1 0.2 0.3 0.4
VG (V)

VDS=0.4VD D

Avci, Intel, VLSI 2011

Tunnel FETs: Tunnel FETs circumvent the 60mV/decTunnel FETs:  Tunnel FETs circumvent the 60mV/dec 
subthreshold slope limit by tunneling through the S/D barrier



Barrier Engineering (Ex: Tunnel FET)

Avci, Intel, VLSI 2011
CMOS

TFET

Tunnel FETs:  At low switching energy,                         
an InAs TFET is theoretically capable of providingan InAs TFET is theoretically capable of providing                

more than 8x performance advantage over a MOSFET



Barrier Engineering (Ex: Tunnel FET)
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Spin-Torque Logic Devices
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Spin Torque Logic: The orientation of the spin of the electron

S. Manipatruni et al., http://arxiv.org/abs/1112.2746, 2011

Spin Torque Logic:  The orientation of the spin of the electron 
is used to carry information.   
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PARAMETER CMOS STMG MTJ+CMOS
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PARAMETER CMOS STMG MTJ+CMOS

Area/gate (um2) 5.0 1.3 4.9

GND

Switching time 
(pS) 16 2826 1.25

Power/gate 70 6 45 6 163 0active (W) 70.6 45.6 163.0

Power/gate 
standby (W) 0.81 0 0

Throughput/area 
Mops/nS/cm2 79.4 13.4 10.2

Non-volatile No Yes Yes

30D. E. Nikonov et al., Intermag Tech. Digest, BT-08, 2012.
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Spin-Torque Devices

PARAMETER CMOS STMG MTJ+CMOS
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PARAMETER CMOS STMG MTJ+CMOS

Area/gate (um2) 5.0 1.3 4.9

GND

Switching time 
(pS) 16 2826 1.25

Power/gate active 70 6 45 6 163 0(W) 70.6 45.6 163.0

Power/gate 
standby (W) 0.81 0 0

Throughput/area 
Mops/nS/cm2 79.4 13.4 10.2

Non volatile No Yes YesNon-volatile No Yes Yes
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