
6.730 Physics for Solid State Applications

Lecture 25: Chemical Potential and Non-equilibrium

Outline

• Fermi Integrals and Approximations

• Rate Equations for Non-equilibrium Electrons

• Quasi-Fermi Levels



Counting and Counting and Fermi Fermi IntegralsIntegrals
33--D Conduction Electron DensityD Conduction Electron Density



Counting and Counting and Fermi Fermi IntegralsIntegrals
33--D  Hole DensityD  Hole Density



Boltzmann Boltzmann ApproximationApproximation

Boltzmann Approximation:



Approximations for Approximations for Fermi Fermi IntegralsIntegrals
33--D  Carrier DensitiesD  Carrier Densities

Sommerfeld Approximation:

Unger Approximation:

where



Approximations for Approximations for Fermi Fermi IntegralsIntegrals
33--D  Carrier DensitiesD  Carrier Densities



Approximations for InverseApproximations for Inverse FermiFermi IntegralsIntegrals

Inverse First-order Sommerfeld Approximation:

for 0.04 error

Inverse Second-order Unger Approximation:

for 0.04 error



Near Equilibrium Electron DistributionsNear Equilibrium Electron Distributions
Optical ExcitationOptical Excitation
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Intraband scattering: electron-electron
electron-acoustic phonon

Interband scattering: electron-hole
electron-phonon with defects

What are f1, f2, & f3 under illumination (non-equilibrium) ?



Rate Equation FormalismRate Equation Formalism
number of electrons = number of states  x  probability of occupancy

assume total number of electrons in 
N1, N2, & N3 is contant



Rate Constants in EquilibriumRate Constants in Equilibrium
Detailed BalanceDetailed Balance

In equilibrium:

Detailed balance:
In equilibrium, each scattering process balances with its inverse



Rate EquationsRate Equations

Assume the rate constants don’t change out of equilibrium…



SteadySteady--State SolutionsState Solutions
NonNon--equilibriumequilibrium

For example when intraband scattering is much faster than interband
scattering…



SteadySteady--State SolutionsState Solutions
NonNon--equilibriumequilibrium

Non-equilibrium Quasi-Fermi-Dirac
distribution:

Equilibrium Fermi-Dirac 
distribution:

Intraband states have same chemical potential
in ‘equilibrium’ with each other because of fast intraband scattering



SteadySteady--State SolutionsState Solutions
NonNon--equilibriumequilibrium

Interband states have different chemical potentials
unless



Counting in NonCounting in Non--equilibrium Semiconductorsequilibrium Semiconductors

Equilibrium Quasi-equilibrium


