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  DriL	
  
	
  

Why does a field create a velocity 
rather than an acceleration?  

Terminal 
velocity 

Gravity 

Drag 



From accelerating charges to drift 
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Satura'on	
  velocity	
  
	
  
Evdrift ⋅= µ

Fig. 7 p. 325 Sze 

So far, to describe the drift velocity we have used the relation: 
 
 
where mobility µ is a constant. This is only valid for relatively small electric 
fields and for long distances over which the drift velocity is being measured. 
At high fields or over a short distances the drift velocity cannot exceed a 
maximum value called saturation velocity. The actual drift velocities as a 
function of electric field are shown below: 

Si 



Velocity Saturation 
Ev pdp µ=

Thermal electron kinetic energy 3/2kT=0.039 eV 
Si electron velocity 107 cm/s 
 
Electric field 75V/cm à drift velocity vd=105 cm/s 
(1% of thermal velocity) 

Linear dependence at fields < 30000 V/cm 

At E>30K V/cm velocity saturation! 

The negative differential mobility of GaAs produces 
a negative differential resistance; this characteristics 
is used in design of oscillators 

mn*=0.067mo 
larger µ	


 

mn*=0.55mo 
smaller µ	





Satura'on	
  velocity	
  
	
  One good (empirical) formula which describes this behavior for Si is given by 

 
 
 
 
Where vsat is called the saturation velocity 
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Satura'on	
  velocity	
  
	
  Saturation velocities of electrons and holes in a 

MOSFET channel (at the Si/SiO2 interface) are 
slightly lower than their bulk values.   

For electrons  vsat ≈ (7-8) x 106 cm/sec 
 
For holes vsat ≈ (6-7) x 106 cm/sec 



Satura'on	
  velocity’s	
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Various Velocity Saturation Models  
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Note that there is now no dependence on channel length 
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Summary	
  :	
  Very	
  Short	
  Channel	
  with	
  	
  Velocity	
  
Satura'on	
  



Short	
  vs	
  Long-­‐Channel	
  MOSFET	
  
	
  

to be addressed later 
In a quantitative way 
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Carrier Drift and Mobility in General 



Electron and Hole Acceleration in Electric Field 



(a) A conduction electron in the electron gas moves about randomly (with a 
mean speed u) being frequently and randomly scattered by thermal vibrations of 
the atoms. In the absence of an applied field there is no net drift in any direction. 
   
(b) In the presence of an applied field, Ex, there is a net drift along the x-
direction. This net drift along the force of the field is superimposed on the 
random motion of the electron. After many scattering events the electron has 
been displaced by a net distance, Δx, from its initial position toward the positive 
terminal. 

Carrier Drift and Mobility 



Electron and Hole Acceleration in Electric Field 
Integrate (mass and 
electric field are  
time-independent) 

Just before collision 



Fundamental Expression  
for Mobility 

µ =
q!
meff

Mean time between 
collisions 

Electron or hole 
effective mass 
This is a material issue 
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Acceleration in Electric Field 

Velocity gained in the x 
direction at time t from the 
electric field (Ex) for three 
electrons. There will be N 
electrons to consider in the 
semiconductor. 
 



MaQhiessen’s	
  Rule	
  
In general, an electron may be scattered by several mechanisms, so the  effective mean free time between any two 
scattering events will be less than the individual scattering times τi and τj. Since in unit time, 1/τ is the net 
probability of scattering, 1/ τi is the probability of scattering from mechanism i alone, and 1/ τj is the probability of 
scattering from mechanism j alone, then according to the probability laws, we have 
 
 
                                              or in general 
 
 
 
Therefore for mobility we obtain 
 
 
 
The last equation can be rewritten in the following way 
 
 
 
Since 
 
 
 
We can write                                               or in general: 
 
 
The summation rule of resistivities from different scattering mechanisms is called  Matthiessen’s Rule.  
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Background:	
  Probability	
  of	
  ScaQering	
  



Inversion	
  Channel	
  Mobility	
  

At the Si/SiO2 interface we have an 
additional scattering mechanism: 
surface scattering! 



theory, experiment T-n 

At higher T,  vth increases and on average 
electrons spend  less time in the vicinity of 
ionized impurity. 

Mobility and Carrier Scattering: 
Dependence on Temperature and Doping 

µ = µ(NI ,T )



Mobility versus Impurity Conc. @T=300K 
For different semiconductors  

Ge 

Si 

GaAs 



Sca$ering	
  characterized	
  by	
  a	
  
Cross	
  Sec4on	
  

b Impact parameter 

Scattering angle 

Incident 
cross-section 

Scattering 
solid angle 

dσ



Cross	
  Sec4on	
  in	
  Sca$ering	
  



Sca$ering	
  Mechanisms	
  and	
  Collision	
  Time τ	



Scattering of an electron from a 
scattering center.  
 
The electron  travels a mean distance  = 
uτ between collisions. Since the 
scattering cross-sectional area is S, in the 
volume S there must be at least one 
scatterer, Ns (Svthτ ) = 1. 

sthNSv
1

=τ cross section S=πrc
2 

vth mean speed, thermal velocity 
Ns number of scatterers 



Temperature Dependence of Mobility due to lattice vibrations 

µL =
e!
meff

The mean free time τ is inversely proportional to the speed of 
the electrons and to the scattering cross section πa2. The 
cross section radius a is given by the amplitude of lattice 
vibrations a. Recall that that potential energy of an oscillator is 
given by (1/2)ksx2 ~ (1/2)kT. Here ks is the  spring constant. 
Therefore a2~T. The thermal velocity is proportional to T1/2 so 
overall we have: 
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Quantized lattice vibration = 
= phonons 



Mobility as a Function of Temperature and Doping 



Consider scattering caused by As+ ion. The Coulombic potential energy is: 
 
 
 
 
For high KE the electron does not feel the Coulombic pull. However, if KE is 
smaller than PE, then the Coulombic force will lead to a strong deflection. 
The critical distance from the As+ is rc at which KE=PE(rc). But KE=3/2kT. So 
we obtain: 

Temperature Dependence of Mobility due to impurity scattering 

effm
eτ

µ =

r
eEP

orεπε4

2

=

sthNSv
1

=τ

cor
c r

erEPkT
επε4

)(
2
3 2

==

cross section S=πrc
2 

vth mean speed, thermal velocity 
Ns number of scatterers / volume unit 

We can solve this equation for rc. 
to  get the scatterin cross-section 



So for a scattering cross section S=πrc
2 we obtain: 

 
 
 
 
So for the scattering time we obtain: 
 
 
 
 
 
 
Therefore for impurities: 
 
 
 
 

Temperature Dependence of Mobility due to 
impurity scattering 
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theory, experiment T-n 

At higher T,  vth increases and on average 
electrons spend  less time in the vicinity of 
ionized impurity. 

Mobility and  
Carrier Phonon and Impurity Scattering 



Mobility as a Function of Temperature and Doping 



Mobility as a Function of Temperature and Doping 



Mobility	
  in	
  an	
  Inversion	
  Channel	
  
•  Drain	
  current	
  model	
  assumed	
  constant	
  mobility	
  
in	
  channel	
  

•  Mobility	
  of	
  channel	
  less	
  than	
  bulk	
  –	
  surface	
  
scaQering	
  

•  Mobility	
  depends	
  on	
  gate	
  voltage	
  –	
  carriers	
  in	
  
inversion	
  channel	
  are	
  aQracted	
  to	
  gate	
  –	
  
increased	
  surface	
  scaQering	
  –	
  reduced	
  mobility	
  



Mathiessen	
  Rule	
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Surface	
  Mobility	
  for	
  Electrons	
  and	
  Holes	
  

2−∝ avensr Eµ 1−∝ avepsr Eµ
Electrons                                      Holes 

Temperature Dependence of mobility 

m= 

m=1.5 theory,  in practice… 
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Mobility	
  Degrada'on	
  with	
  high	
  Vg	
  

	
  



Inversion	
  Mobility	
  Degrada'on	
  	
  
with	
  Temperature	
  

	
  

gate field 
vertical field 
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Channel	
  Conductance	
  and	
  Transconductance	
  
	
  

Channel conductance called also output conductance is the conductance of a 
resistor modulated by the drain bias Vd.  Note that channel conductance in the 
saturation regime is zero, because in saturation regime the drain current is 
independent of the drain bias. 
 
In the discussion of the MOSFET so far, the series resistances associated with 
source and drain, were not considered. These series resistances impose ohmic 
drops between source and drain contacts and the channel. In the linear region, 
the effect of the series resistances can be seen in  
 
 
Where Rs and Rd are the source and drain 
series resistances, respectively. 
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Channel	
  Conductance	
  and	
  Transconductance	
  
	
  

Channel transconductance measures the sensitivity of the drain current to the 
gate voltage. In linear region the transconductance is linear function of drain 
bias and independent of the gate bias Vg. In the saturation region the 
transconductance is linear in gate voltage and independent of the drain bias. 
 
Note that by plotting gmsat as a function of Vg we can determine the threshold 
voltage as an intercept with the Vg-axis. By the way, this is a third possibility to 
determine the VT from I-V characteristics. 
 
In the saturation region the measured transconductance is given by: 
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(saturation!) because the change of Vd 
caused by IR drop has no effect on  
saturation current. 



Channel	
  Transconductance	
  and	
  Velocity	
  Satura'on	
  

In a short channel device, the 
saturation of the vdrift and, by 
extension, the drain current may 
occur at a much lower voltage due to 
velocity saturation. This causes the 
Idsat to deviate form the 1/L 
dependence. 
 
The figure to the right shows the 
experimentally measured I-V curves 
for a 0.25 um MOSFET. The dashed 
line represents the long-channel 
current for Vg=2.5V. Due to the 
velocity saturation, the Id saturates at 
a drain voltage much lower than (Vg-
VT), thus severely limiting the 
saturation current of short channel 
device. 
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Fig. 3.25 p. 149 
Taur and Ning 



Channel	
  Transconductance	
  Modeling	
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Ec has the dimension 
of electric field and 
serves as a fitting 
parameter. 

Local dependence 
of drift  velocity 



Channel	
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Channel	
  Transconductance	
  
	
  

By imposing dId/dVds=0 the drain saturation voltage can be 
found: 

Therefore, when velocity saturation is taken into account it is 
equivalent to making the channel longer, and to reducing the 
drain saturation voltage and drain saturation current. 
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Channel	
  Conductance	
  and	
  Transconductance	
  
	
  

When 
 
 
the saturation current for small channel lengths L becomes velocity-
saturation-limited drain current  
 
 
 
In this case the saturation transconductance becomes 
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The measurement of saturation transconductance allows us  
to extract the saturation velocity. 
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Channel	
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Channel	
  Length	
  Modula'on	
  
In a long channel device (or ideal MOSFET), the drain current stays constant 
for Vd>Vdsat. The output conductance is zero. In short channel device Id can 
still increase beyond the pinch-off. This arises from two factors:  
 
1)  the threshold voltage decreases for short channel devices (to be 

discussed later)  
                                              and  

2)  channel length modulation. 
As Vd increases beyond the saturation voltage Vdsat the saturation point where 
the  inversion channel disappears begins to move slightly toward the source as 
shown below. 



Channel	
  	
  
Length	
  

Modula'on	
  
intui've	
  	
  
picture	
  

	
  



Channel	
  Length	
  Modula'on	
  
	
  The point of saturation is still at Vdsat, independent of Vd.  So Vd-Vdsat drops 

between the saturation point and the drain. The corresponding distance  ΔL 
is referred to as the amount of channel length modulation. ΔL increases with 
Vd>Vdsat. The device acts as if its channel length were shortened by ΔL. The 
drain current is then obtained by replacing L with L- ΔL. 
 
 
 
 
 
 
 
 
 
We can have an estimate on ΔL by assuming that the pinch-off region is 
dominated by the lateral drain field Ey , that the mobile charges are negligible 
compared with the fixed charges, and that we have an abrupt junction. In this 
case we obtain: 
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Channel	
  Length	
  Modula'on	
  
	
   

ΔL can be also estimated from the following argument: 	


	



ΔL is the total lateral space charge width minus 
the space charge width that exists when Vd=Vdsat. 
 
 
 
 
 
 

)(2)(2
dsatB

A

s
dB

A

s V
qN

V
qN

L +−+=Δ ψ
ε

ψ
ε

for Vd>Vdsat 



Channel	
  Length	
  Modula'on	
  
	
  A still better approximation 

can be obtained when the 
mobile charges are included 
 
 
 
 
 
 
 
 
where rj is the s/d junction 
depth. 
The result of the integration of 
the above equation is shown 
by dotted line compared with 
full numerical solution of the 
problem by solving a 2D  
Poisson equation in the 
saturation region. 
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Channel	
  Length	
  Modula'on	
  
	
  

 
Example of channel length modulation 
 
 
 
 
 
 



Channel	
  Length	
  Modula'on	
  
	
  Very often the channel length modulation is modeled by the following 

equation: 
 
 
 
 
 
Sometimes 1/VA is used instead of λ, VA is called the Early voltage, similar to 
the neutral zone variation in bipolar transistor. 
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Channel	
  Length	
  Modula'on	
  
	
  

 
 
 
 
 
 

Another approach to modeling  
similar to modeling of the Early voltage in bipolar transistors 

Linear	
  	
  

Early voltage VA 

Linear dependence of Idsat  
as a function of Vd 


