
Important Relationships
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Wavelength of electrons ~ 1/kF

For a metal:
n(electrons) ~ n(atoms) � 1/kF ~ a
Crystal structure not important

For a semiconductor:
n(electrons) << n(atoms) � 1/kF >> a
Crystal structure very important

Fermi energy and velocity large for metal
Work function large
Lots of energy to remove electron

Plasmon frequency high for metals
Metals can respond to high frequency EM waves
Metals shine



Scattering Mechanisms
• Drift

– Electron flux = j = -neev

– After time t0: Electron velocity =

– In practice, velocity cannot increase indefinitely
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Impurity scattering

Phonon scattering (traveling lattice wave)
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Electron velocity is constant



Scattering of Bloch Waves
• Perfect crystal = perfect conduction

e

Phonon

• Phonon scattering
– Phonon:

• Mechanical equivalent to 
Bloch wave

– Conductivity ~ 1/T

• Defect scattering
– Periodicity destroyed

• Surface scattering
– Reflection from sides
– Finite size of line

e
Vacancy
Impurity
Etc…



Phonon dispersions



1-D phonon



Mean free path
• Electron energy

– Classical Boltzman distribution ½ mv2 ~ kBT = 0.023eV at RT
– v ~ 1 E5 m/s
– Mean free path λ ~ 1 – 10 E-10 m = 10 - 100nm 
– Close to phonon scattering length in metal

• Mobility
– µ = velocity / field = v/E 
– For times t0 > τ: µ = q τ / m     (constant mobility)
– For times t0 < τ: µ = q t / m  

 µ = vf / E  = q (field dependent mobility)   



Field dependent mobility

• For times t0 < τ: µ = q t / m  
µ = vf / E  = q (field dependent mobility)   

• When v ~ phonon velocity � phonon generation
– Velocity limit Θln = (2hωo / m)1/2 ; ωn = phonon mode

– V(E) = m0 E / [1 + (E / Ec)] ; Ec = 

Field dependent
mobility

Drift
Velocity

Electric Field

Θln

Saturation velocity (mobility)



Typical Mobilities
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1) Mobility depends on effective mass µ ~ 1/m*

2) Scattering times add inversely � mobilities add inversely
• Scattering: phonons, impurities, dopants, ….
• Smallest time / mobility will dominate

....1111

221

+++=
µµµµ



Drift Velocity

Distance x
T=0

Concentration
N(x)dx

Current J = (-q) - D dN/dx D = diffusion constant 

Distance x
t + dt

Distance x
T=0

Distance x
t + dt

Force in + x direction � velocity + diffusion � scattering probability
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At low fields, electron moves by DIFFUSION in direction of field



Einstein Relationship
Change variables, complete integral:

F+ = ½ [ N(0) v – (dN/dx) v λ]

At any point along the line, flux is conserved: 
F_ - F+ = -D dN/dx

D = < v λ > = < v2 τ >

Diffusion constant equal to average velocity * mean free path

Diffusion constant can be related to mobility with “Einstein Relationship”

D = µ (kT/q)

(exercise: use Boltzmann distribution to compute average velocity)



Fermi distribution
• Fermi-Dirac distribution F(E)

– N = Nc / (1+exp(E - Ef)/kT)

• Chemical potential should be constant through junction

dEf / dx = 0

• Energy change for additional particle
• ∆E = E(N+1) – E(N) = Ef

•Chemical potential: Change of internal energy U with number N  



Hot Electrons

• kT = 0.04 eV
• For device d < λ ; Electron energy= applied voltage ~ 1V >> kT

Electron velocity across device Electron energy across device

Hot electrons � trap generation (break Si-H bonds) � device degradation



Chemical Potential

Ne = Nc exp[(-Ec-Ef)/fT]

Energy of charge: Ec = -qV

Electric Field: εx = -dV/dx = 1/q (dEc/dx)

J = q Ne m εx + q D (dNe / dx) 

dNe / dx = q Ne (dEc/dx) - m N (dEf/dx)


