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Problem 3.1: Designer digital and analog ballistic FETs   

 
Solution: 

 
(a) Here is a calculation that I had done recently for a review paper.  Fig (f) shows 
how the maximum on current depends on the band effective mass, and the 
valley degeneracy.  For example for a single valley, an effective mass of ~0.1m0 



gives the highest on-state ballistic current drive.  Note that I have assumed that 
the bands are isotropic for the calculation, that is another parameter one could 
vary further to squeeze out more performance in ballistic FETs.  Also, note that 
the calculation neglects the effect of contact resistances (this effect can be 
strong, and current densities of Id~10 mA/um are not possible at small voltages 
because a quantum-limited contact resistance of Rc~50 Ohm-um will still 
2*Id*Rc ~ 1.0 Volt , with Id*Rc dropping at each contact.  Though this contact 
effect will stretch out the Id-Vgs and Id-Vds curves, and limit the current drive, it 
will not change the fundamental observation that there is an optimal effective 
mass for any given valley degeneracy. 
 
(b) 

 
(c) 

 
 
 
 
Problem 3.2: The Boltzmann Transport Equation  



 
Solution: 
 







 
 
 
Problem 3.3: Applications of Fermi’s Golden Rule: Scattering rates due to Point 
Defects, and Alloy Disorder Scattering  



 
Solution: 
 





 
 
 
 
 
Problem 3.4: Flash Memory Design by Fermi’s Golden Rule  



 
Solution: 
(a) 

 
(b) 



 
(c) 







 
 
 
 
Problem 3.5: Higher-order time-dependent perturbation theory: Dyson series 
and diagrams  



 
 
Solution: 
 
(a,b) 





 
 
 
(c) 





 
 
 
 
Problem 3.6: Prelim: Electron Mobility in Semiconductors  



 
 
Solution: 
 
 
(a) Boltzmann Transport Equation in d-dimensions 



 
 
(b) Spatially uncorrelated scattering points 

 
 
  



(c) Ionized Impurity Scattering 

 

 



That was a long calculation! 
 
  



(d) Acoustic Phonon Scattering 

 
 



Another longish (but mostly 
mechanical calculation of acoustic phonon scattering rates in semiconductors). 
 
(e) Optical Phonon scattering: I have included some figures from the slides used 
in class. The major difference between optical phonons and acoustic phonon 
modes:  
- in acoustic phonon modes, neighboring atoms vibrate in phase, whereas  
- in optical phonon modes, neighboring atoms vibrate out of phase. 
 
Optical phonon scattering can occur by  

- a non-polar deformation potential coupling due to strain of the crystal and 
resulting perturbation of the band edge energies.  Unlike the acoustic 
phonon, the optical deformation potential has units of Dop~eV/Angstrom 
and unlike the strain field, it is the direct displacement of the atoms that 



enters the perturbation matrix element, i.e. W(r) ~ Dop*d(x1-x2) where 
d(x1-x2) is the relative displacement of the nearest neighbor atoms in the 
crystal.  This form of “mechanical” or strain-induced non-polar (non-
Coulombic) scattering occurs in elemental semiconductors such as Si 
and Ge, which lack polar optical phonon modes and serves as the 
important means of energy loss of high-energy or hot electrons. 

- Polar-optical phonon scattering occurs in polar crystals such as GaAs, 
GaN, etc that have two atoms of different ionicities in the basis of the 
crystal.  This form of scattering is due to the vibration of effectively 
charged ions causing a dipole field, and the scattering is of Coulombic 
nature, and is therefore typically much stronger and dominates non-polar 
kinds.  Polar optical phonon scattering is typically the strongest scattering 
mechanism at room temperature for GaAs, GaN, and all III-V 
semiconductors.  In other words, it limits the mobility and the performance 
of several high-speed transistors, light-emitting diodes and lasers, etc as it 
is the dominant low-field scattering mechanism at room temparuture that 
cannot be decreased by making the materials purer – because it is an 
intrinsic scattering mechanism and not tied to defects. 

Classification of scattering mechanisms 

Optical vs Acoustic modes 



 

 
Expressions for optical phonon scattering rates 

 



(f): Example Plot from Sayak Ghosh’s 2017 solution.  The numbers are a bit on 
the high side (for example the 300K mobility of GaAs is less than 10000 cm2/Vs, 
this calculation overestimates the optical phonon mobility number by ~10 X, but 
all other trends are reasonable.  The neutral impurity concentration should be 
calculated as a function of temperature using charge-neutrality conditions, 
meaning as dopants are thermally activated at high temperatures, the neutral 
impurity density decreases, and the mobility due to neutral impurity scattering 
alone should increase as shown in the original paper. 
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