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doping:  small admixture of impurities

➢ change in macroscopic properties (electric conductivity)

doping: impurity atoms that can add electrons or holes

n-doping: donor atoms add electrons in the conduction band

p-doping: acceptor atoms add electrons in the conduction band

P, As in Si

Al, B, Ga in Si



Ionization of dopants

easier to ionize a P atom in Si than a free P atom

ionization energy is smaller by factor

ionization energy ~25 meV

ionization in H-atom 

remove electron from ground state of a hydrogen-like impurity



n and p?

𝑛𝑝 = 𝑛𝑖
2 = 𝑁𝐶𝑁𝑣exp −

𝐸𝑔

𝑘𝐵𝑇
law of mass action 



Five valence electrons: P, As

States are added in the band gap just below the conduction band

Ec

Eg

Ev

ED

n-type: n ~ ND  

             many more electrons in the conduction band than holes in the valence band.  

majority carriers: electrons;  minority carriers: holes

D(E)

EF(T=0)

n-doping:  increase number of electrons



IIb IIIa IVa Va VIa

donors in Si

Donors for Si

https://artsexperiments.withgoogle.com/periodic-table/?exp=true&lang=en



Three valence electrons: B, Al, Ga

States are added in the band gap just above the valence band

Ec

Eg

Ev

EA

p-type: p ~ NA  
many more holes in the valence band than electrons in the conduction band  

majority carriers: holes;  minority carriers: electrons

EF(T=0)

D(E)

p-doping:  increase number of holes



IIb IIIa IVa Va VIa

acceptors in Si donors in Si

Donors and Acceptors for Si
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https://artsexperiments.withgoogle.com/periodic-table/?exp=true&lang=en



Energy below the conduction band Energy above the valence band

Donor and Acceptor Energies



IIb IIIa IVa Va VIa

acceptors in Si donors in Si

Si as Donor and Acceptor for GaAs





Source: Semiconductor Devices Physics and Technology, S.M. Sze, 1985



Donors
Examples: P, As in Si.

Mobile negative electrons

Fixed positive donors

Dopants

Acceptors
Examples: B, Ga in Si.

Mobile positive holes

Fixed negative acceptors

Charge Neutrality

n + NA
- = p + ND

+

Extrinsic semiconductors



B Dk T E

2
0

0
 K

1
0

0
0

 K

Intrinsic

Extrinsic p  NA

Freeze-out

Temperature dependence



For Ev + 3kBT < EF < Ec- 3kBT         Boltzmann approximation

𝑁𝐴
− =

𝑁𝐴

1 + 4 exp
𝐸𝐴 − 𝐸𝐹

𝑘𝐵𝑇

𝑁𝐷
+ =

𝑁𝐷

1 + 2 exp
𝐸𝐹 − 𝐸𝐷

𝑘𝐵𝑇

4 for materials with light 
holes and heavy holes (Si)
2 otherwise

Mostly, ND
+ = ND and  NA

- = NA

ND = donor density cm-3                     ND
+ = ionized donor density cm-3

NA = acceptor density cm-3             NA
- = ionized acceptor density cm-3

Ionized donors and acceptors



n + NA
- = p + ND

+

Carrier concentration vs. Fermi energy

Ionized donors and acceptors



https://lampz.tugraz.at/~hadley/psd/L4/eftplot.html
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Intrinsic semiconductors

intrinsic
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Si
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300 K

Extrinsic semiconductors

At high temperatures, extrinsic  semiconductors 
have the same temperature dependence as 
intrinsic semiconductors.



For n-type: 
n ~ density of donors, 
p = ni

2 /ND

exp F c
D c

B

E E
n N N

k T

 −
= =  

 

ln c
F c B

D

N
E E k T

N

 
= −  

 

n-type (extrinsic)



For p-type, 
p ~ density of acceptors, 
n = ni

2/NA

exp v F
A v

B

E E
p N N

k T

 −
= =  

 

ln v
F v B

A

N
E E k T

N

 
= +  

 

p-type (extrinsic)



Intrinsic: n = p

Conductivity strongly temperature dependent

Conductivity is poor

Extrinsic: n ≠ p

Conductivity almost temperature independent at room temperature

Conductivity can be strongly increased (up to a factor of 106)

Intrinsic / Extrinsic



include dopants

image from wikipedia

Czochralski process

add dopants to the melt



include dopants

float zone process

neutron transmutation

image from wikipedia



include dopants

gas phase diffusion
AsH3 (arsine) or PH3 (phosphine) for n-doping

B2H6 (diborane) for p-doping

chemical vapor deposition

epitaxial silicon CVD SiH4 (silane) or SiH2Cl2 (dichlorosilane)
PH3 (phosphine) for n-doping or B2H6 (diborane) for p-doping 

image from wikipedia



include dopants

ion implantation

implant at 7 degrees to avoid channeling

images from wikipedia



https://ars.els-cdn.com/content/image/1-s2.0-S173857332500138X-gr12_lrg.jpg

the stopping and range of ions in matterSimulate dopant distribution



collector base emitter

n
p

n+

lightly doped p substrate

Bipolar transistor

Why dope with donor and acceptors ?



MOSFET

Bipolar Junction Transistor



degenerately doped semiconductor



Heavily doped semiconductors are called degenerately doped

ND > 0.1 Nc  ->  EF in the conduction band

NA > 0.1 Nv  ->  EF in the valence band

❑ heavy doping narrows the band gap

❑ Boltzmann approximation is not valid

❑ degenerate semiconductors = metal

degenerate semiconductor



Carrier transport
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Ballistic transport
Drift
Diffusion
Tunneling



Ԧ𝐹 = 𝑚 Ԧ𝑎 = −𝑒𝐸 = 𝑚
𝑑 Ԧ𝑣

𝑑𝑡
 

Electrons moving in an electric field follow parabolic trajectories like a ball in a gravitational field.

Ԧ𝑣 =
−𝑒𝐸𝑡

𝑚
+ Ԧ𝑣0

Ԧ𝑥 =
−𝑒𝐸𝑡2

2𝑚
+ Ԧ𝑣0𝑡 + Ԧ𝑥0

Ballistic transport



(classical equipartition)

at 300 K, vth ~ 107 cm/s

1

2
𝑚𝑣𝑡ℎ

2 =
3

2
𝑘𝐵𝑇

mean free path:  = vthsc  ~ 10 nm ~ 200 atoms

The electrons scatter and change direction after a time sc.

In a metal, the fermi velocity dominates over the thermal velocity. In a semiconductor, the thermal velocity dominates

Drift

thermal velocity



<v0> = 0 <t - t0> = τsc 

Ԧ𝑣𝑑 =
−𝑒𝐸𝜏𝑠𝑐

𝑚∗
=

−𝑒𝐸ℓ

𝑚∗𝑣

drift velocity:

Ԧ𝐹 = −𝑒𝐸 = 𝑚∗ Ԧ𝑎 = 𝑚∗
𝑑 Ԧ𝑣

𝑑𝑡

Ԧ𝑣 = Ԧ𝑣0 −
𝑒𝐸

𝑚∗ (𝑡 − 𝑡0)

t0

t+t0v0

v

time between two collisions

Drift (diffusive transport)



for Si:   n = 1350 cm2/Vs
      p = 450 cm2/Vs

For E = 1000 V/cm:
          
vd = 106 cm/s

𝜇 =
−𝑒𝜏𝑠𝑐

𝑚∗
=

−𝑒ℓ

𝑚∗𝑣

Ԧ𝑗 = −𝑛𝑒 Ԧ𝑣𝑑,𝑛 + 𝑝𝑒 Ԧ𝑣𝑑,𝑝

   = 𝑛𝑒𝜇𝑛 + 𝑝𝑒𝜇𝑝 𝐸

   = 𝜎𝐸 
(Ohm’s law)

Drift 

drift velocity:

current density:



https://lampx.tugraz.at/~hadley/psd/L5/drude.php



, ,        d n n d p pv E v E = − =


( ), ,          d n d p n pj nev pev ne pe E E  = − + = + =
 

So
lid

 state electro
n

ic d
evices, Streetm
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d
 B

an
erjee

Drift 



, ,

1 1 1

sc sc lattice sc impurity  
= +

phonons, temperature dependent

mostly temperature independent

1 1 1

lattice impurity  
= +

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

1
n pne pe  


= = +

Matthiessen’s rule

rate



mobility model for Si

temperature

doping density



NA = 1016 1/cm3

https://lampz.tugraz.at/~hadley/psd/L4/conductivity.php

𝜎 = 𝑛𝑒𝜇𝑛 + 𝑝𝑒𝜇𝑝

conductivity in Si



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. 

Ballistic transport in transistors

enables motion without significant collisions and scattering



The magnetic field slides could be skipped. They are not used later 
in the semester.



Crossed E and B fields

Ballistic transport

E

Diffusive transport

E

<v>

H

1

*
tan z sc

H

eB

m


 −  

= − 
 

Hall angle:

B

( )F ma e E v B= = − + 
 

http://lampx.tugraz.at/~hadley/physikm/script/magnetism/constant_EB.en.php



Magnetic field (diffusive transport)

( ) d
d

v
F ma e E v B e


= = − +  =

 

dvF ma eE e


= = − =

 

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 = − +

,d z zv E= −

, ,d y z d xv B v= −

tan H zB = −



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       

RH =vx/jx



Diffusion

,

,

n diff n

p diff p

dn
j e D

dx

dp
j e D

dx

=

= −

Diffusion is from high concentration to low concentration.

n
  e

le
ct

ro
n
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e

n
si

ty

x x + x - 

n(x-)

n(x+)

n(x)



http://lampx.tugraz.at/~hadley/psd/L5/drude.php



Einstein relation

In equilibrium, drift = diffusion

0en E eD n− +  =


Boltzmann factorexp
B

eV
n A

k T

 −
=  

 

exp
pot

B B B B

eVe ne neE
n A V V

k T k T k T k T

− 
 = −  = −  = 

 



0
B

neE
en E eD

k T
− + =




Bk TD
e


=

E V= −


Über die von der molekularkinetischen Theorie der Wärme geforderte Bewegung von in 
ruhenden Flüssigkeiten suspendierten Teilchen



Current Density Equations

n n n

p p p

j ne E eD n

j pe E eD p





= − + 

= − 





total n pj j j= +


Drift
Diffusion



In Equilibrium

The electric field is proportional to the gradient of the conduction band 
edge

This means that the current density in a semiconductor where the Fermi 
energy is constant is zero.

If the Fermi energy is constant,



Current Density Equations

note: electron and hole currents have same direction

E

-

+

p(x)n(x)

drift diffusion

flow

flow

current

electric current = charge  particle flow

je = -e  flow

jp = e  flow

-neE

ppE

current

-

+

flow

flow

current

Dp(dp/dx)

-Dn(dn/dx)

current



Continuity equations

1
p p p

p
j G R

t e


= −  + −





1
n n n

n
j G R

t e


=  + −





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

2

Gth Rth

Ev

Ec

thermal equilibrium

GL R

Ev

Ec

Gth

non equilibrium



Recombination

0n n
th

p

p p
R R



−
− =

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

GL R

Ev

Ec

Gth



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 lifetimes

2

inp n=



Continuity equations

2 0
n n n n

n

n nn
n E n E D n G

t
 



−
=  + +  + −





                  n n n n nj ne E j en E e n E  = −  = −  − 


drift: 

diffusion: 
2

, ,            n diff n n diff nj e D n j e D n=   = 


2 0
p p p p

p

p pp
p E p E D p G

t
 



−
= −  − +  + −





1
n n n

n
j G R

t e


=  + −







Diffusion Length

2

0

2
0n n n n

p

p

p p p p
D

t x 

  −
= = −

 

n-type

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

( )0 0( ) (0) expn n n n

p

x
p x p p p

L

 −
= + −   

 

Steady state



Diffusion Length

2

0

2
0 n n n

p

p

p p p
D

x 

 −
= −


( )0 0( ) (0) expn n n n

p

x
p x p p p

L

 −
= + −   

 

p p pL D =

diffusion length, 
typically microns

( ) ( )0 0

2

(0) (0)
0 exp exp

p n n n n

p p p p

D p p p px x

L L L

   − −− −
= −      

   



Haynes Shockley experiment

( )
2

0( , ) exp exp
44

generated n

p p

n nn

n x Et t
n x t n

D tD t





 −  
= − − +       



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

semiconductin
g 
photoconducto
r
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