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than in insulators. For example, the semiconductor Si has a band gap of about 
1.1 eV compared with 5 eV for diamond. The relatively small band gaps of 
semiconductors (Appendix III) allow for excitation of electrons from the 
lower (valence) band to the upper (conduction) band by reasonable amounts 
of thermal or optical energy. For example, at room temperature a semicon-, 
ductor with a 1-eV band gap will have a significant number of electrons ex
cited thermally across the energy gap into the conduction band, whereas an 
insulator with Eg = 10 eV will have a negligible number of such excitations. 
Thus an important difference between semiconductors and insulators is that 
the number of electrons available for conduction can be increased greatly in 
semiconductors by thermal or optical energy. 

In metals the bands either overlap or are only partially filled. Thus 
electrons and empty energy states are intermixed within the bands so that 
electrons can move freely under the influence of an electric field. As ex
pected from the metallic band structures of Fig. 3-4, metals have a high elec
trical conductivity. 

3.1.4 Direct and Indirect Semiconductors 

The "thought experiment" of Section 3.1.2, in which isolated atoms were 
brought together to form a solid, is useful in pointing out the existence of 
energy bands and some of their properties. Other techniques are general
ly used, however, when quantitative calculations are made of band struc
tures. In a typical calculation, a single electron is assumed to travel through 
a perfectly periodic lattice. The wave function of the electron is assumed to 
be in the form of a plane wave1 moving, for example, in the x- direction 

'Discussions of plane waves are available in most sophomore physics texts or in introductory electromag
netics texts. 
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Figure 3-5 
Direct and indi
rect electron 
transitions in 
semiconductors: 
(a) direct transi
tion with accom
panying photon 
emission; (b) indi
rect transition via 
a defect level. 
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with propagation constant k, also called a wave vector. The space-dependent 
wave function for the electron is 

* k M =U(kx,x)e>^ (3-1) 

where the function U(kx,x) modulates the wave function according to the pe
riodicity of the lattice. 

In such a calculation, allowed values of energy can be plotted vs. the 
propagation constant k. Since the periodicity of most lattices is different in 
various directions, the (E, k) diagram must be plotted for the various crystal 
directions, and the full relationship between E and k is a complex surface 
which should be visualized in three dimensions. 

The band structure of GaAs has a minimum in the conduction band and 
a maximum in the valence band for the same k value (k = 0). On the other 
hand, Si has its valence band maximum at a different value of k than its con
duction band minimum. Thus an electron making a smallest-energy transi
tion from the conduction band to the valence band in GaAs can do so without 
a change in k value; on the other hand, a transition from the minimum point 
in the Si conduction band to the maximum point of the valence band requires 
some change in k.Thus there are two classes of semiconductor energy bands; 
direct and indirect (Fig. 3-5). We can show that an indirect transition, involv
ing a change in k, requires a change of momentum for the electron. 

Assuming that U is constant in Eq. (3-1) for an essentially free electron, 

show that the x-component of the electron momentum in the crystal is 

given by <px) == ftk». 

EXAMPLE 3-1 
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SOLUTION From Eq. (3-1) 

Using Eq. (2-21 b) and the momentum operator, 

<P*) = 
J-oo 1 BX 

oo 

Uzdx 

hkj U2dx 
—ipz = ftk 

I U2dx 

With these limits of integration, both the numerator and denomina
tor are infinite. For problems of this type, one integrates between the finite 
limits -LI2 and +L/2 and, in the final result, then assumes that L approaches 
infinity. 

This result implies that (E, k) diagrams such as shown in Fig. 3-5 can be 
considered plots of electron energy vs. momentum, with a sealing factor h. 

The direct and indirect semiconductors are identified in Appendix III 
In a direct semiconductor such as GaAs, an electrpn in the conduction band 
can fall to an empty state in the valence band, giving off the energy differ
ence Eg as a photon of light. On the other hand, an electron in the conduc
tion band minimum of an indirect semiconductor such as Si cannot fall 
directly to the valence band maximum but must undergo a momentum 
change as well as changing its energy. For example, it may go through some 
defect state (£,) within the band gap. We shall discuss such defect states in 
Sections 4.2.1 and 4.3.2. In an indirect transition which involves a change in 
k, part of the energy is generally given up as heat to the lattice rather than 
as an emitted photon. This difference between direct and indirect band struc
tures is very important for deciding which semiconductors can be used in de
vices requiring light output. For example, semiconductor light emitters and 
lasers (Chapter 8) generally must be made of materials capable of direct 
band-to-band transitions or of indirect materials with vertical transitions 
between defect states. 

Band diagrams such as those shown in Fig. 3-5 are cumbersome to draw 
in analyzing devices, and do not provide a view of the variation of electron 
energy with distance in the sample. Therefore, in most discussions we shall use 
simple band pictures such as those shown in Fig. 3-4, remembering that elec
tron transitions across the band gap may be direct or indirect. 


