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about quantum confinement… 

For a little more about quantum confinement, see Lectures 1 and 4 
from ECE-656 Fall 2009: 

http://nanohub.org/resources/7281 
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In practice, there are a variety of subtle issues (e.g. how the effective 
mass changes with quantum confinement, how to apply boundary 
conditions when the band minima are not at k = 0, etc.).  For this 
course, we will need just a very basic understanding. 
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outline 

1)  The model 

2)  Near-equilibrium transport 

3)  Discussion 

4)  Summary 

This work is licensed under a Creative Commons Attribution-
NonCommercial-ShareAlike 3.0 United States License. 
http://creativecommons.org/licenses/by-nc-sa/3.0/us/ 
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Landauer-Datta model for a nano-device 

For a fuller discussion about the model to be presented, see S. Datta in the 
references at the end of this lecture. 

device 

gate 
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questions 

2) How is the electron current through the device 
related to the same parameters?  

1) How is the number of electrons in the device 
related to the Fermi levels in the contacts, to the 
density of states, and to the characteristic times?  
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assumptions 
2)  Contacts are large with 

strong inelastic scattering, 

always near equilibrium  

1)  Device is described by an 
E(k).  For the more 

general case, see Datta.  

3)  U is the self-consistent (mean-field) potential. 

      (For “strongly correlated” transport, see Datta.)  

gate 

4)  All inelastic scattering takes place in the 
contacts. Electrons flow from left to right (or 
right to left) in independent energy channels. 

5)  Reflectionless 
(“absorbing”) 
contacts.  
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filling states from the left contact 

includes spin 

(ignore electrostatics for now; U = 0) 
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device 
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filling states from the right contact 
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device 
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steady-state 

To keep things simple, assume: 
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steady-state electron number, N(E) 
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Recall that in equilibrium, we use: 
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steady-state electron number, N  

Remember that N is the total number of electrons and that 
D is the total DOS - #/J 
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questions 
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2) How is the electron current through the device 
related to the same parameters?  

1) How is the electron density in the device related 
to the Fermi levels in the contacts, the density of 
states, and the characteristic times?  

✔ 



steady-state current, I 

Contact 1 tries to 
fill up the device 
according to its 
Fermi level. 

Contact 2 tries to 
fill up the device 
according to its 
Fermi level. 
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device 

14 

steady-state current, I 
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questions 
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2) How is the electron current through the device 
related to the same parameters?  

1) How is the electron density in the device related 
to the Fermi levels in the contacts, the density of 
states, and the characteristic times?  

✔ 
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outline 

1)  The model 

2)  Near-equilibrium transport 

3)  Discussion 

4)  Summary 
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Landauer expression for current 

device 

For small bias, we can linearize (f1 - f2), and the current 
becomes proportional to V (linear, near-equilibrium, low-field 
response). 
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linear response 

  
f2 = f1 +

∂f1

∂EF1

ΔEF = f1 +
∂f1

∂EF1

−qV( )

  
f1 − f2 =

∂f1

∂EF1

⎛

⎝⎜
⎞

⎠⎟
qV = −

∂f1

∂E
⎛

⎝⎜
⎞

⎠⎟
qV

  
f1 E( ) = 1

1+ e E−EF 1( ) kBTL

  EF 2 = EF1 − qV
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(assume constant TL ) 

  
I = 2q

h
γ πD E( ) 2⎡⎣ ⎤⎦ f1 − f2( )dE∫

  
f2 E( ) = 1

1+ e E−EF 2( ) kBTL
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linear response 

  
f1 − f2 = −

∂f1

∂E
⎛

⎝⎜
⎞

⎠⎟
qV

  
I = 2q2

h
γ πD E( ) 2⎡⎣ ⎤⎦ −

∂f0

∂E
⎛

⎝⎜
⎞

⎠⎟
dE∫

⎛

⎝
⎜

⎞

⎠
⎟V = GV
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I = 2q

h
γ πD E( ) 2⎡⎣ ⎤⎦ f1 − f2( )dE∫
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2)  Near-equilibrium transport 
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4)  Summary 
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what about holes? 

 I = GV

conduction band 

valence band 

states mostly empty 

states mostly full 

Electrons in either band are 
in equilibrium with other 
electrons in that band but out 
of equilibrium with electrons 
in the other band. 

So we need two QFL’s.  
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G =

2q2

h
γ πD E( ) 2⎡⎣ ⎤⎦ −

∂f0

∂E
⎛

⎝⎜
⎞

⎠⎟
dE∫
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what about holes? 

conduction band 

valence band 

All of these expressions refer 
to electrons in the conduction 
and valence bands 

 I = GnV

  
f0 E( ) = 1

1+ e E−Fn( ) kBTL

  
G =

2q2

h
γ πD E( ) 2⎡⎣ ⎤⎦ −

∂f0

∂E
⎛

⎝⎜
⎞

⎠⎟
dE∫

n-type 

  
f0 E( ) = 1

1+ e E−Fp( ) kBTL

 I = GnV

  
G =

2q2

h
γ πD E( ) 2⎡⎣ ⎤⎦ −

∂f0

∂E
⎛

⎝⎜
⎞

⎠⎟
dE∫

p-type 
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outline 
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1)  The model 

2)  Near-equilibrium transport 

3)  Discussion 

4)  Summary 
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current flows when the Fermi-levels are different 

  
I = 2q

h
γ E( )π D E( )

2
f1 − f2( )dE∫
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device 
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near equilibrium 

  
I = 2q

h
γ E( )π D E( )

2
f1 − f2( )dE∫
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G =

2q2

h
γ E( )π D E( )

2
−
∂f0

∂E
⎛

⎝⎜
⎞

⎠⎟
dE∫

⎛

⎝
⎜

⎞

⎠
⎟

for small applied bias: 
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next step 
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We need to understand: 
  
γ E( )π D E( )

2

Exercise:  Determine the units of ϒ. 
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for more information 
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In this lecture, we have tried to present the general model as 
simply and clearly as possible.  Now we are ready to use it to 
solve problems. But there is much more about the physics of 
transport that one can learn from simple models like this.  For a 
concise introduction to fuamental concepts, see: 

Supriyo Datta, Lessons from Nanoelectronics:  A New Approach 
to Transport Theory, World Scientific Publishing Co., Singapore, 
2011. 
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for even more information 
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Read Chapter 1 in Quantum Transport:  Atom to Transistor, 
Supriyo Datta, Cambridge, 2005. 

View Lectures 1-4 in ECE 656: Electronic Transport in 
Semiconductors, Mark Lundstrom, 2009. 
http://nanohub.org/resources/7281 

View Lectures 1-7 in ECE 495: Fundamentals of Nanoelectronics, 
Supriyo Datta, 2008. 
http://nanohub.org/resources/5346 

View: Concepts of Quantum Transport, Supriyo Datta, 2006. 
http://nanohub.org/resources/2039 

View: Nanoelectronics and the Meaning of Resistance, Supriyo 
Datta, 2008. 
http://nanohub.org/resources/5279 
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1)  The model 

2)  Near-equilibrium transport 

3)  Discussion 

4)  Summary 


