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Lundstrom 7.2012 

VDS

ID

VGS =VDD

ID = WCinv
υT

2kBTL q
VGS −VT( )VDS

ID = W CinvυT VGS −VT( )



3 

ballistic MOSFET (FD) 
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How close to the ballistic limit do 
modern MOSFETs operate? 
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2007 MOSFET parameters 
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1) Nitrided gate oxide (k = 5, tinv = 2.2 nm) 
2) Polysilicon gate 
3) VDD = 1.2V 
4) Not intentionally strained 
5) All measurements at T ~ 300K 
6) Minimum mask channel length = 100 nm 

Minimum physical channel length (SEM) = 85 nm 

(Thanks to Shuji Ikeda of ATDF for supplying these devices in Dec. 2007) 
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ballistic MOSFET:  linear region 
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 VGS

  
RTOT =

VDS

ID

= 340 Ω− µm( )

( )1120 A/ mONI µ µ=

  rd = 4.7 kΩ− µm
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transfer characteristics 

high VD 

low VD 

  VTSAT = 0.26 V
  VTLIN = 0.28 V
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log10 ID vs. VGS 

high VD 

low VD ( )110 mV decS =

( )170 mV VDIBL =

( )0.95 A/ mOFFI µ µ=
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series resistance 

silicon S 
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RD

RSThe actual voltages applied to the 
terminals are larger that the voltages 
on the “intrinsic” device. 

VD
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(Texas Instruments, ~ 2000) 
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series resistance 

silicon S 

D 

G 

VGSi

VDSi VDS

VGS

RD

RS

VD

VS

VG = VGi

VGi = VG

VDi = VD − ID VG ,VSi ,VDi( )RD

Given the terminal voltages and the 
IV characteristic of the intrinsic 
device, we can solve these two 
equations for the intrinsic voltages. 

VSi = VS + ID VG ,VSi ,VDi( )RS
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on-current analysis (injection velocity) 

( )1120 A/ mONI µ µ=

  
RS + RD = RSD = 200 ± 50 Ω− µm( )

  VGSi = 1.2 − ION RS = 1.2 − 0.11= 1.09V

  
Cinv =

κ oxε0

Tinv

= 1.54 ×10−6   F cm2

  
Qn(0) = Cinv VGSi −VTSAT( )

  QI (0) q ; 7.9 ×1012 cm-2

  
υ(0) =

ION

WQn(0)

 
υ(0) = 8.7 ×106 cm sec

How close is this to the 
ballistic injection velocity? 

  
ION =WQn(0) υ(0)



comparison to ballistic limit 
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υ inj ≡

2kBT
πm*

F 1/ 2 ηF1( )
F 0 ηF1( )   

υ inj = 1.9 ×107 cm sec

12 -2(0) 7.9 10 cmQ q ×

We know the actual velocity,  
 

 

so we can estimate the 
ballistic ratio: 

 
υ(0) = 8.7 ×106 cm sec

  
Bsat =

ION

ION ball( )=
υ(0)
υ inj
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ballistic MOSFET:  saturated region 
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( )1120 A/ mONI µ µ=

 VGS

  
Bsat =

ION

ION ball( )≈ 0.45

Modern Si MOSFETs 
operate at about one-
half of the ballistic limit. 

What about the linear region? 
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linear-current analysis (injection velocity) 

  
RSD = RS + RD ≈ 200 Ω− µm( )

  
Qn(0) = Cinv VGSi −VTLIN( )

  QI (0) q ; 8.9 ×1012 cm-2

The measured channel conductance 
is less that one-third of the ballistic 
channel conductance. 

  
RTOT VGS = 1.2V( )= VDS

ID

= 340 Ω− µm( )

 
RTOT = RCH VGS( )+ RSD

  
RCH ≈ 140 Ω− µm( )

 VGSi =VGS − ID RS ≈VGS
   

RCH
ball =

2kBT q( )
QI (0)υT

F 0 ηF1( )
F −1/ 2 ηF1( )

≈ 55Ω− µm
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ballistic MOSFET 

 VGS

( )1120 A/ mONI µ µ=

  
Bsat =

ION

ION ball( )≈ 0.45

Modern Si MOSFETs 
operate somewhat 
closer to the ballistic 
limit under high drain 
bias as compared to 
low drain bias. 

  
RCH ≈ 140 Ω− µm( )

  
Blin =

Ilin

Ilin ball( )≈ 0.35
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comparison to numerical simulations 
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A. Majumdar, Z. Ren, S. J. Koester, and W. 
Haensch, Undoped-Body Extremely Thin SOI 
MOSFETs With Back Gates, IEEE Trans. Electron 
Dev., 56, 2270-2276, 2009. 

n(x, E) 

nanoMOS ETSOI 

www.nanoHUB.org  
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comparison with experiment: Silicon 

A. Majumdar, Z. B. Ren, S. J. Koester, and W. Haensch, "Undoped-Body Extremely Thin SOI 
MOSFETs With Back Gates," IEEE Transactions on Electron Devices, 56, pp. 2270-2276, 2009. 
 
Device characterization and simulation:  Himadri Pal and Yang Liu, Purdue, 2010. 

LG = 40 nm

ION Iballistic ≈ 0.6

IDlin Iballistic ≈ 0.2

• Si MOSFETs deliver > one-half of 
the ballistic on-current. (Similar for 
the past 15 years.) 

• MOSFETs operate closer to the 
ballistic limit under high VDS. 
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comparison with experiment:  InGaAs HEMTs 

Jesus del Alamo group (MIT) 

Lundstrom IITB 2012 
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wrap-up 
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Si MOSFETs operate at roughly half of the ballistic limit. 
 
III-V FETs operate close to the ballistic limit. 
 
To understand this, we need to discuss scattering. 
 
But first, let’s see if the theory of the ballistic MOSFET can 
be related to conventional (diffusive) MOSFET theory. 
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