
Lecture 10 

Carrier Action 
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Please use this power point as a guide to reading the textbook. 



n and p 
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Law of mass action 

𝑁𝑐 = 2
𝑚𝑛

∗ 𝑘𝑇

2𝜋ℏ2

3/2

 

𝑛𝑖 = 𝑁𝑐𝑁𝑣𝑒−𝐸𝐺𝛽/2 

𝑁𝑣 = 2
𝑚𝑝

∗ 𝑘𝑇

2𝜋ℏ2

3/2

 

non-degenerate 



n and p 

• Charge neutrality 

 𝑝 − 𝑛 + 𝑁𝐷
+ − 𝑁𝐴

− = 0 

 𝑝 − 𝑛 + 𝑁𝐷 − 𝑁𝐴   = 0 

• Carrier concentration 

 
𝑛𝑖

2

𝑛
− 𝑛 + 𝑁𝐷 − 𝑁𝐴 = 0 

 𝑛 =
𝑁𝐷−𝑁𝐴

2
+

𝑁𝐷−𝑁𝐴

2

2
+ 𝑛𝑖

2 
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n and p 

• Important regime 

 𝑁𝐷 ≫ 𝑁𝐴, 𝑛𝑖   (𝑛-type, moderate 𝑇) 

  𝑛 ≈ 𝑁𝐷,   𝑝 ≈ 𝑛𝑖
2/𝑁𝐷 

 𝑁𝐴 ≫ 𝑁𝐷 , 𝑛𝑖   (𝑝-type, moderate 𝑇) 

  𝑝 ≈ 𝑁𝐴,   𝑛 ≈ 𝑛𝑖
2/𝑁𝐴 
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Fermi level 

4/28/2011 UCSC, Phys 156, Spring 2011 5 

𝐸𝐹 = 𝐸𝑖 + 𝑘𝐵𝑇 ln
𝑛

𝑛𝑖
= 𝐸𝑖 − 𝑘𝐵𝑇 ln

𝑝

𝑝𝑖
 

We know 𝑛, 𝑝 (previous two slides), and so we know 𝐸𝐹 completely! 

𝑛-type, moderate 𝑇:  𝐸𝐹 ≈ 𝐸𝑖 + 𝑘𝐵𝑇 ln
𝑁𝐷

𝑛𝑖
 

𝑝 type, moderate 𝑇:  𝐸𝐹 ≈ 𝐸𝑖 − 𝑘𝐵𝑇 ln
𝑁𝐴

𝑛𝑖
 

For example 

𝑛𝑖 = 𝑝𝑖 



Example 
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Current Density 

• The Current Density 

𝐽 =
𝐼

𝐴
 

• Current can be large for large crossecton wire 
(large “gauge” wire). 

• The intrinsic quantity to compare different 
materials with is then Current per crossection, 
i.e. the current density. 

• Unit ?  
𝐶

𝑠𝑚2 
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Ohm’s Law 

Current and voltage 

 

 V = IR                  R = resistance  (Ω) 

 I = V/R= GV        G = conductance (
1

Ω
 = S) 

 J = 𝜍 E                 𝜍 = conductivity  (S / m) 

            E = V/d,   J = I/A 

 E = J/𝜍 = 𝜌 J       𝜌 = resistivity  (Ω m) 
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Common unit  = 𝜇Ω cm,   𝑚Ω cm 



Multiple Carriers 

• If there are two types of carriers 
then 

 

A. their resistivities add up 

B. their conductivities add up 
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Mobility 

• Conditions for a good conduction of current 
1. Each charge carrier is efficient. 

  Mobility  (𝜇𝑛 or 𝜇𝑝) 

2. Lots of charge carriers. 
  Density of charge carriers (𝑛 or 𝑝) 

3. High electric field 
 

• The current density 

 𝐽 = 𝑒𝜇𝑛𝑛 + 𝑒𝜇𝑝𝑝  𝐸 

 unit =
𝐶

𝑚2𝑠

𝑚3

𝐶

𝑚

𝑉
=

𝑚2

𝑉𝑠
       standard unit =

𝑐𝑚2

𝑉𝑠
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𝜍 = 𝑒𝜇𝑛𝑛 + 𝑒𝜇𝑝𝑝 



Drift Velocity 

• Drift velocity 

• The average velocity gain of charge carriers due to 
the electric field. 

• Quite smaller, usually, than the average speed of 
charge carriers at equilibrium. 

• 𝐽 = 𝑛𝑒𝑣𝑑,𝑛 + 𝑝𝑒𝑣𝑑,𝑝 

• Comparing with the last page 

 𝜇 = 𝑣𝑑/𝐸 
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Drift Velocity 

A. Is on the order of the actual average speed of 
each charge carrier in magnitude 

B. Is much greater than the actual average 
speed of each charge carrier in magnitude 

C. Is generally much less than the actual average 
speed of each charge carrier in magnitude 
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“Drude” Theory of Conduction 

• Consider the carrier distribution as a entity whose 
drift velocity has a “decay time” of 𝜏, like a 
radioactive particle that decays.  𝜏 = relaxation 
time due to scattering of the carrier by impurity, 
lattice vibration, other carriers etc. 

•
𝑑𝑣𝑑

𝑑𝑡
+

𝑣𝑑

𝜏
= 0, if left alone → 𝑣𝑑(𝑡) = 𝑣𝑑 0 𝑒−𝑡/𝜏. 

• If driven by a field, 𝑚𝑛
∗ 𝑑𝑣𝑑

𝑑𝑡
+

𝑣𝑑

𝜏
= 𝑒𝐸. 

• In steady state: 𝑣𝑑 =
𝑒𝐸𝜏

𝑚𝑛
∗   and so  𝜇𝑛 =

𝑒𝜏

𝑚𝑛
∗ . 
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Mobility 

• Mobility  is due to the combination of two 
factors 

 

𝜇𝑛 =
𝑒𝜏𝑛,𝑟

𝑚𝑛
∗  

 

𝜇𝑝 =
𝑒𝜏𝑝,𝑟

𝑚𝑝
∗  
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Multiple Scattering Mechanisms 

• If a carriers goes through multiple 
scattering channels (with 
impurity, phonons, or other 
carriers), then  

A. their resistivities in different 
channels add up 

B. their conductivities in different 
channels add up 
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Matthiessen’s rule 

• Probabilities add up for a given carrier (e or h), if 
scattering processes are independent. 

  1

𝜏
=

1

𝜏 𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦
+

1

𝜏 𝑙𝑎𝑡𝑡𝑖𝑐𝑒 𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛
+

1

𝜏 𝑜𝑡ℎ𝑒𝑟 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠
  

 

 
1

𝜇
=

1

𝜇𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦
+

1

𝜇𝑙𝑎𝑡𝑡𝑖𝑐𝑒 𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛
+

1

𝜇𝑜𝑡ℎ𝑒𝑟 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠
 

 

 𝑅 = 𝑅𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦 + 𝑅𝑙𝑎𝑡𝑡𝑖𝑐𝑒 𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑅𝑜𝑡ℎ𝑒𝑟 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠 

• It is a “rule” not a law – which means that it can 
and does break easily.   Scattering processes are 
not independent. 
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