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Ballistic transport
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Electrons moving in an electric field follow 
parabolic trajectories like a ball in a 
gravitational field.
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Classical equipartition:

At 300 K, vth ~ 107 cm/s. 

Drift
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mean free path:  = vthsc ~ 10 nm ~ 200 atoms

The electrons scatter and change direction after a time sc.



Drift (diffusive transport)

<v0> = 0 <t - t0> = sc
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, ,                  d n n d p pv E v E   drift velocity:
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time between two collisions



for Si:   n = 1500 cm2/Vs
p = 450 cm2/Vs

Drift

For E = 1000 V/cm          vd = 106 cm/s
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Matthiessen's  rule
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phonons, temperature dependent

mostly temperature independent

1 1 1

lattice impurity  
 

doping increases the conductivity 
by increasing the carrier density 
but decreases the mobility
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Mobility 
calculator

http://www.pvlighthouse.com.au/calculators/mobility%20calculator/mobility%20calculator.aspx



http://www.pvlighthouse.com.au/calculators/Resistivity%20calculator/Resistivity%20calculator.aspx

Resistivity 
calculator
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Crossed E and B fields

Ballistic transport
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Diffusive transport
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Hall angle:

B
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Magnetic field (diffusive transport)
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If B is in the z-direction, the three components of the force are

 x dy z dxE v B v  

 y dx z dyE v B v  

z dzE v 



Magnetic field

If Ey = 0, 

, ,d x x z d yv E B v   

, ,d y y z d xv E B v   
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The Hall Effect (diffusive regime)

Ey = vxBz = VH/W = RH jxBz VH = Hall voltage, RH = Hall Constant

If vd,y = 0,

, ,d x x z d yv E B v   

, ,d y y z d xv E B v   

,d z zv E 



The Hall Effect (diffusive regime)

 F q v B 
 

Ey = vxBz = VH/W = RH jxBz VH = Hall voltage, RH = Hall Constant

vx   = - jx/ne for n-type             vx  = jx/pe for p-type       

RH = - 1/ne for n-type             RH = 1/pe for p-type       

jx = I /A



Ballistic transport in transistors

The mean free path ~100 nm > gate length ~ 20 nm

v not proportional to E

j not proportional to E j E


v E


nonlocal response 

Electrons bend in a magnetic field like they do in vacuum. 



Diffusion
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Diffusion is from high concentration to low concentration.
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Crossed E and B fields

Ballistic transport

Diffusive transport
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Magnetic field (diffusive transport)
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The Hall Effect (diffusive regime)
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Ballistic transport in transistors
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Diffusion is from high concentration to low concentration.
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If no forces are applied, the electrons diffuse.
The average velocity moves against an electric field. 
In just a magnetic field, the average velocity is zero.
In an electric and magnetic field, the electrons move in a straight line at 
the Hall angle.  



Einstein relation

In equilibrium, drift = diffusion
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Über die von der molekularkinetischen Theorie der Wärme geforderte 
Bewegung von in ruhenden Flüssigkeiten suspendierten Teilchen



Current Density Equations
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Drift Diffusion



Current Density Equations

note: electron and hole currents have same direction
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Continuity equations
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jn and jp consist of drift and diffusion terms



Generation and Recombination

Shining light on a semiconductor or injecting electrons or 
holes from a contact can result in a non-equilibrium
distribution np  ni
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Recombination
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Recombination rate is limit by the density of minority carriers. 
The majority carriers have to find a minority carrier to recombine.

pn (or np) = minority carrier concentration 
pn0 (or np0) = equilibrium minority carrier concentration
p = minority carrier lifetime
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minority carrier lifetimes

p-type

0( ) exp( / )p excess n pn t n t n  

n-type

0( ) exp( / )n excess p np t p t p  

minority carrier 
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Continuity equations
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drift: 

diffusion: 2
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Diffusion Length
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n-type

Generation only occurs at the surface. There the 
minority carrier density is pn(0).
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Steady state



Diffusion Length
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p p pL D 

diffusion length, 
typically microns
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Haynes Shockley experiment
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High Fields

Silicon



High Fields

GaAs



Impact ionization

Carriers are accelerated to an energy above the gap before they 
scatter. They generate more electron-hole pairs. This results in an 
avalanche breakdown of the device.



Photoconductivity

Light increases the conductivity of a 
semiconductor.

hf > Eg n pne pe   



Laser printer

semiconducting 
photoconductor


