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Carrier transport



Current Density Equations
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Drift Diffusion

Because of the currents, the electron and hole concentrations change.



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

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
tp = minority carrier lifetime
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minority carrier lifetimes
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Continuity equations
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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 t

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
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p n

pn junctions are found in:
diodes
solar cells
LEDs
isolation 
JFETs
bipolar transistors
MOSFETs
Lasers diodes



pn junction 
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valid for both n and p doping
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pn junction 

p-type

n-type
Ec
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semiconductors in contact
electrons flow from n to p
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pn junction 
semiconductors in contact

Abrupt junction: the doping changes abruptly from p to n 
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Vbi

  , , , ,

ln c v
bi g B

D n A n A p D p

N N
eV E k T

N N N N

 
  
   

  , , , ,

2
ln

D n A n A p D p

bi B
i

N N N N
eV k T

n

  
 
 
 

2
ln D A

bi B
i

N N
eV k T

n

 
  

 

for ND,n - NA,n = ND and NA,p - ND,p = NA
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Vbi

Can Vbi perform work? 
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p and n profiles 
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depletion region

depletion approximation
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electric field 
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Gauss's law in 1-D is
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Depletion width 
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light doping => wide depletion width



Depletion width 

http://lampz.tugraz.at/~hadley/psd/L6/Vbi.html



Depletion width 

W

Vbi ~ 1V

W ~ 10 nm - 10 m

Emax ~ 104 V/cm

The electric field pushes the electrons towards the n-region 
and the holes towards the p-region.

Diffusion sends electrons towards the p-region and holes 
towards the n-region.





Drift and Diffusion 
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If the EF is constant, j = 0.
Einstein relation



p-Si 100 wafer

diode fabrication 
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linearly graded junction

 ( ) ( )D Ae N x N x eaxr   

2 2
2

max         
2 2 8

ea W eaW
E dx x E

r
  

           


2 3

2 2 3

ea W x
V Edx x


         



3

12bi

eaW
V




x

ND - NA

W/2

-W/2

-W/2 W/2

Area = Vbi

Vbi

EF

Ec

Ev

Eg
eVbi

http://lampx.tugraz.at/~hadley/psd/L6/linearly_graded.html



Isolation 



Solar cell
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Light creates an electron-hole pair in the depletion 
region. The electric field sweeps the electrons towards 
the n-region and the holes towards the p-region.



Light emitting diode
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Electrons and holes are injected into the depletion 
region by forward biasing the junction. The electrons 
fall in the holes. For direct bandgap semiconductors, 
photons are emitted. For indirect bandgap 
semiconductors, phonons are emitted. 



Varactor
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abrupt: n = 1/2
linearly graded: n = 1/3

n = 1/(m+2)

 m

D A oN N x x  


