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Introduction to the Quantum

Theory of Solids

Outline:
�Allowed and Forbidden Energy Bands
�Electrical Conduction in Solids
�Extension to Three Dimensions
�Density of States Function
�Statistical Mechanics

Formation of Energy Bands
For hydrogen atoms

Pauli exclusion principle
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a regular periodic arrangement of 

hydrogen-type atoms

�This energy difference is extremely small, so that for all
practical purposes, we have a quasi-continuous energy
distribution through the allowed energy band.

�atomic thermal vibration (chapter 2 energy level diagram)

splitting of three energy states into 

allowed bands of energies
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an isolated silicon atom

splitting of the 3s and 3p states of 

silicon

valence band

conduction band

at 0K
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potential function of a 1D

single crystal

Kronig-Penney Model

Bloch theorem: all one-electron wave functions, for problems
involving periodically varying potential energy functions, must be
of the form

wherek is called a constant of motion. wave number
u(x) is a periodic function with period(a+b).
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Schrodinger's wave equation

the motion of an electron in a single-crystal material

region I, V(x)= 0

whereu1(x) is the amplitude of the wave function in region I

region II , V(x)= V0

whereu2(x) is the amplitude of the wave function in region II

let
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Solution:

If E and V(x) are finite, then

Apply boundary conditions
E V0

numerical solution

Fix the value of bV0
Let b�0, V0 �∞

where

It is not a solution of Schrodinger's wave equation but gives the
conditions for which Schrodinger's wave equation will have a
solution.

EV0
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k-Space Diagram
For free electrons, that is V0= 0

For V0≠0, -1<cos(ka)<+1
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reduced k-space diagram

Energy Band and Bond Model
At 0K
Above 0K
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No external force,

Drift Current
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If external force≠0, electrons can gain energy and a net
momentum.

For electrons,

n is the number of electrons per unit volume in the conduction
band.
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Electron Effective Mass

�externally applied force,

� internal forces in the crystal due to positively charged
ions or protons and negatively charged electrons

the motion of electrons in the lattice:

where m: rest mass, m*: effective mass

For free electrons

from and

in an electric field,
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near the bottom of conduction 

band
Parabolic approximation

If we apply an electric field to the electron in the bottom of
the allowed energy band,

Concept of the Hole

This charge carrier is called ahole
and, as we will see, can also be
thought of as a classical particle
whose motion can be modeled
using Newtonian mechanics.
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The band is symmetric ink and each state is occupied so that, for
every electron with a velocity |v|, there is a corresponding electron
with a velocity -|v|.

where
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Near the top of valence band
Parabolic approximation

We have argued thatC2 is a positive quantity, which now implies
thatm* is a negative quantity. An electron moving near the top of
an allowed energy band behaves as if it has a negative mass.

m* is now a negative quantity,

If we again consider an electron near the top of an allowed
energy band and use Newton's force equation for an applied
electric field,

An electron moving near the top of an allowed energy band
moves in the same direction as the applied electric field.
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We now can model this band as having particles with a
positive electronic charge and a positive effective mass. The
density of these particles in the valence band is the same as
the density of empty electronic energy states. This new
particle is thehole. The hole, then, has a positive effective
mass denoted bymp* and a positive electronic charge, so it
will move in the same direction as an applied field.

Insulators, and Semiconductors

3.5eV

6.0eV
| 1eV
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Metals

k-space diagrams of Si and GaAs
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Concentration of electrons or holes
n0 and p0 in conduction and valence bands, respectively

n(E)n0 =   n(E) dE∫ for unit vol.

density of quantum states per unit volume

gc(E) x fF(E)

the probability that a quantum state at the energyE will be
occupied by an electron. (Another interpretation of the
distribution function is thatfF(E) is the ratio of filled to total
quantum states at any energyE.)

density of quantum states
Considering a free electron confined to a three-dimensional infinite
potential well, where the potential well represents the crystal.

Solving the Schrodinger’s eq. then we got,

wherenx, nv, andnz are positive integers.
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For unit vol.

For semiconductors 

near the bottom of conduction band

near the top of valence band
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Fermi-Dirac probability function

The particles are indistinguishable, but now only one
particle is permitted in each quantum state. Electrons in a
crystal obey this law.

It gives the probability that a quantum state at the energy
E will be occupied by an electron.

whereEF is called the Fermi energy.
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EF

At 0K

> 0K


