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Is This a Practical Device ?Is This a Practical Device ?

Energy

Position
Charge or 
Electron

What are some requirements that information is not lost?

Zhirnov, Limits to Binary logic Switch Scaling
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Lecture : 4Lecture : 4
Limits for Si MOSFETsLimits for Si MOSFETs

Gate lowers barrier

Drain voltage causes 
charge to move

Lundstrom, Essential Physics of Carrier Transport in Nanoscale MOSFETs
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OutlineOutline

• Performance limit (today)
• Power limit (future lecture)
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Some PapersSome Papers
Keyes, Fundamental limits of Silicon Technology

Assad, On The Performance Limits of Si MOSFETS

Zhirnov, Limits to Binary logic Switch Scaling

Assad, Performance limits of Silicon MOSFET
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How MOSFET  WorksHow MOSFET  Works
(or In General a Charge Based Device)(or In General a Charge Based Device)

• Switch control by a third terminal
– Why is that important? 

• Gate controls potential barrier that 
– control the flow of electrons

• Logic operation: electrons transferred 
– from a voltage source to capacitors
– from capacitors to ground.

• Flow of electrons from power supply to 
ground dissipates energy
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Why A Charge Control DeviceWhy A Charge Control Device

• Signals easily distributed throughout the 
system.  Change moved via metal wires

• High gain
– supplies a forgiving environment

• Immune to many sources of variation
– temperature, 
– mechanical strain, 
– diffusion profiles
– Many other

• Easy to handle Fan-out  (larger W)
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MOSFET Performance limitMOSFET Performance limit
LLEE 00
TTOXOX Tunneling LimitTunneling Limit
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Standard MOSFET EquationStandard MOSFET Equation

What happens in limit L --->  0? 
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Constant Field Scaling TheoryConstant Field Scaling Theory

k = voltage scale factor
λ = linear dimension scale factor

n+

Source
Overlap

Source/Drain 
Extension 
(SDE)

Metallurgical 
Spacing

Gate Length

TOX

Drain

λ=k
Dimension λ k
Potential  k        k
Impurity Con. k/λ2 1/k
Electric Field k/λ 1
COX λ k
Current  k2/λ k
Power   k3/λ k2

Power * delay λ2/k k

Constant field
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Eras of Transistor ScalingEras of Transistor Scaling
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Constant Voltage Scaling

Gate length
Nanotechnology

130nm

90nm Abrupt 
Junctions

Strained
Silicon

Post CMOS devices? 
Or low cost $1B/transistor chip era ?

Eras of Transistor Scaling

Technology
Feature Size
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So What Happens to MOSFET So What Happens to MOSFET 
drive current?drive current?

LLEE 00
TTOXOX Tunneling LimitTunneling Limit

infinity ?infinity ?
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Alternate MOSFET Description Alternate MOSFET Description 
(A Simple Ballistic Picture)(A Simple Ballistic Picture)

Gate 
lowers 
barrier

Drain voltage 
causes charge 
to move

Lundstrom, Essential Physics of Carrier Transport in Nanoscale MOSFETs
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Ballistic LimitBallistic Limit

• Simple ballistic picture: The mean free path being 
much larger then channel length

• Ballistic limit corresponds to the channel length 
approaching zero

• No scattering before traveling distance     which 
drops kT/q potential.
– Scattering after dropping kT/q unlikely to emerge from 

the channel at source
• 0.35um devices operate at ~1/2 ballistic limit 

(IEDM Lundstrom)
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Fluid Flow AnalogyFluid Flow Analogy

Lundstrom, Essential Physics of Carrier Transport in Nanoscale MOSFETs
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Alternate MOSFET Description Alternate MOSFET Description 
EquationsEquations

VT = thermal velocity

r=  backscattering coefficient
Lundstrom, Essential Physics of Carrier Transport in Nanoscale MOSFETs
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Thermal VelocityThermal Velocity
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Class Example On BoardClass Example On Board
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Results in PaperResults in Paper

Production 
today

ID= 1250

Intel 65nm 
2004 IEDM 
paper?

ID= 1450
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Essential PhysicsEssential Physics

• Model devices with ballistic transport
• Velocity of carriers is finite
• Density of states

– Large for Si semiconductor. Allows for 

• In limit,  scattering unlikely important
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Power Limit  (Next Class)Power Limit  (Next Class)
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Zhirnov, Limits to Binary logic Switch Scaling


