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About this course 

8/22/17 

This course addresses the fundamentals of charge and 
heat transport by electrons and phonons – fundamentals 
that every semiconductor materials and device researcher 
should understand and be able to apply. 
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Learning objectives 

8/22/17 

i.  An understanding of electron and phonon scattering in 
semiconductors, the Boltzmann Transport Equation (BTE), 
and how to solve it. 

ii.  Knowledge of near-equilibrium semi-classical electron 
and phonon transport.  An ability to relate transport 
coefficients to material parameters and to analyze and 
interpret common measurements. 

iii.  An understanding of far-from-equilibrium semi-classical 
transport in bulk semiconductors and devices and an 
acquaintance with quantum transport in small devices. 

A successful student will have demonstrated:  
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Near-equlibrium (linear) transport 
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Thermoelectric transport 
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Diffusive vs. ballistic  transport 
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Diffusive vs. ballistic  transport 
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mean-free-path >> L
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ballistic transport: 
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Quantized conduction 
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B. J. van Wees, H. van Houten, C. W. J. Beenakker, J. G. Williamson, L. P. Kouwenhoven, D. van 
der Marel, and C. T. Foxon, “Quantized conductance of point contacts in a two-dimensional 
electron gas,” Phys. Rev. Lett. 60, 848–851,1988. 

1) Conductance is quantized in units of 2q2/h  
 
2) The conductance is finite L à 0. 

W --> 
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Near-equilibrium transport in nanostructures 

L

W

A

How do we understand near-
equilibrium transport (electrical and 
heat currents): 
 
•  In 1D, 2D, and 3D? 

•  From the ballistic to diffusive 
limits? 

 
•  In the presence of voltage and 

temperature differences? 

•  For any material? 

8/22/17 
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Near-equilibrium transport equations 

   

J p = pqµ p


E − qDn∇p

8/22/17 

  
!
JQ = −κ∇T

1)  Under what conditions are the drift-diffusion equation 
and Fourier’s Law valid? 

2)  How are the transport coefficients (mobility, diffusion 
coefficient, and thermal conductivity) related to material 
parameters? 
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The Boltzmann Transport Equation 

 

∂ f
∂t

+

υ i∇r f +


Fe i∇ p f = Ĉf

8/22/17 

f0 =
1

1+ e E−EF( ) kBT f = 1
1+ e E−Fn( ) kBT ?

1)  The BTE is a highly simplified description of semi-
classical transport. 

2)  The BTE is generally taken as the starting point for 
semi-classical transport. 



Lundstrom ECE-656 F17 12 

The Landauer Approach 

   
I = 2q

h
T E( )∫ M E( ) f1 − f2( )dE

8/22/17 

1)  Widely-used to describe transport in nanostructures. 

2)  We will find that is it useful from the nanoscale to the 
macroscale, from ballistic to diffusive transport.  

I
I device 

L

f1 E( ) f2 E( )
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Far-from-equilibrium transport (bulk) 

 I

 V I = GV

“low-field” or “near-equilibrium” 
or “linear” transport 

“high-field” or “hot 
carrier” transport 

8/22/17 

(bulk (large) semiconductor) 
υsat
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Far-from-equilibrium transport (devices) 

υsat
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D. Frank, S. Laux, and M. Fischetti, Int. Electron Dev. Mtg., Dec., 1992. 
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8/22/17 
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Quantum transport in devices 
L = 10 nm, double gate, Si N-MOSFET 

nanoMOS (www.nanoHUB.org) 

EC x( )

n x,E( )

8/22/17 
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Landauer again 

8/22/17 

 

∂ f
∂t

+

υ i∇r f +


Fe i∇ p f = Ĉf

G(E, x)[ ] = E[I ]− [H ]− [Σ1]− [Σ2 ]− [ΣS ][ ]−1

[Gn (x,E)] = G[ ] Σ1
in⎡⎣ ⎤⎦ G[ ]+ + G[ ] Σ2

in⎡⎣ ⎤⎦ G[ ]+

+ G[ ] ΣS
in⎡⎣ ⎤⎦ G[ ]+

Semi-classical (Boltzmann): 

Quantum (NEGF):    
I = 2q

h
T E( )∫ M E( ) f1 − f2( )dE

Landauer: 



Course outline 
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Part 1:  Advanced semiconductor fundamentals:    5 weeks 
Review of band structure, quantum confinement, DOS, 
and treatment of charge carrier  and phonon scattering in common 
semiconductors 

 
   

Part 2:  Near-equilibrium (linear) transport    5 weeks 
 General model, conductance, thermoelectric effects, 
 heat transport by phonons, Boltzmann Transport Eq. (BTE), 
 measurements. 

 
  

Part 3:  Far-from-equilibrium transport     5 weeks 
 moments of the BTE, Monte Carlo simulation, 
 hot carrier transport in bulk semiconductors, 
 ballistic, quasi-ballistic, and non-local transport in devices. 
 (and quantum transport). 
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What’s missing from 656? 
1)  Transport in random media (amorphous and 

polycrystalline materials). 
 

 “Percolation Theory” by M.A. Alam, 2009. 
 

 http://nanohub.org/resources/7168 
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2)  Electronic noise (shot and thermal noise) 

3)  ... 
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About the course 

8/22/17 

See handout 



1) Fundamentals of 
    Carrier Transport, 2nd Ed. 
     Mark Lundstrom 

 
 
 
 
 
 
Cambridge Univ. Press, 2000      

www.cup.cam.ac.uk/ 
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A course in transition... 
2) Near-equilibrium Transport: 
    Fundamentals and Applications 
     Mark Lundstrom and 
     Changwook Jeong 
      
 
 
 
 
 
 
 
 
 
World Scientific, 2012 
(draft provided to ECE-656 students). 
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course web page 
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questions 
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