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Nano scale MOSFET StructureNano‐scale MOSFET Structure
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Barrier Controlled by Gate and DrainBarrier Controlled by Gate and Drain
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Electron Distribution and Velocity in 
Channel

SS D

Average velocity vs position for the 
ballistic, double‐gate MOSFET
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Natori’s Ballistic MOSFET ModelNatori s Ballistic MOSFET Model

• Above threshold, the total carrier density is 
appox. independent of VDSpp p DS

• Equation for Fermi level

• Current flow direction
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At High Drain BiasAt High Drain Bias
• At equilibrium• At equilibrium
Equal amount of 
l telectrons move 
in both direction

• At high drain biasAt high drain bias
Most electrons 
move in themove in the 
positive direction
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I V Characteristic of Ballistic MOSFETI‐V Characteristic of Ballistic MOSFET

d i bi i h d i biLow drain bias High drain bias
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Fact 1 for Ballistic MOSFETFact 1 for Ballistic MOSFET

• Carrier distribution function at the barrier top 
consists of two thermal equilibrium halves, from 
Source and from Drain
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Fact 2 for Ballistic MOSFETFact 2 for Ballistic MOSFET

• The total carrier density at the barrier top is about a 
constant (for an electrostatically well‐designed 
MOSFET)
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Fact 3 for Ballistic MOSFETFact 3 for Ballistic MOSFET
• The average velocity at the barrier top increases with 
V d th t t t li it hi h i thVDS and then saturates at a limit, which is the average 
velocity of a thermal equilibrium hemi‐Fermi‐Dirac 
di t ib tidistribution. 

• The magnitude of saturated velocity increases with 
gate voltage.
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Classic vs Ballistic MOSFETClassic vs. Ballistic MOSFET

In 2001
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Scattering is the ReasonScattering is the Reason
Scattering close to drainScattering close to source
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AssumptionsAssumptions
vD‐ is equal to that of ballistic 

vS‐ is equal to that of the 
positive‐velocity source  D

drain‐injected streaminjected carriers

Thermal 
equilibrium 
flux injected

The average transmission coefficient 
from the S to D, TSD, is equal to that 
from D to S T (T =T =T)from D to S, TDS (TSD=TDS=T)
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Low Drain BiasLow Drain Bias

• Channel length is the region length carriers 
diffuse. The potential drop across the channel p p
is less than KBTL/q ~ 26 mV at RT
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Near Equilibrium Mean free pathNear‐Equilibrium Mean‐free‐path

i k’ lFick’s law

Apply Einstein relationApply Einstein relation
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Preliminary Calculation for GaNPreliminary Calculation for GaN

POP and AP scatteringPOP and AP scattering 
considered
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High Drain BiasHigh Drain Bias

l L f l d i bi

Low field High field at 

l=L for low drain bias

But only a portion of L for high 
drain bias (distance over which theLow field 

at source 
side

drain side
drain bias (distance over which the 
first KBTL/q of potential drops)

Beyond l the carrier will beBeyond l, the carrier will be 
unlikely to return to the source 
after scattering
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How Far Away from BallisticHow Far Away from Ballistic
This shows devices can operate relatively 
l t th b lli ti li it th h

B 1

close to the ballistic limit even though 
they are several mean‐free‐path longer.

Tom: AlN/GaN HEMT
 RS=RD=1.1 Ohm*mm
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Device measured by Tom

Ballistic Model calculated by Guowang



Future WorkFuture Work

• Apply the model to GaN based HEMTs• Apply the model to GaN based HEMTs

• Include phonon scattering in GaN channel in 
the ballistic model

• Plot I‐V for GaN based HEMT under ballistic or• Plot I‐V for GaN based HEMT under ballistic or 
close to ballistic limit

THANK YOU!THANK YOU!
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