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PHYSICS 244 NOTES

Lecture 31

Energy bands
Introduction

So far we have used the infinite square well as the prototype potential for the electrons.  We find that E = ħ2k2 / 2m
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and ψ = (1/V)1/2 exp(ikx) = (1/V)1/2  (cos kx + i sin kx).  For this wavefunction to be the correct one, we need the potential inside the solid to be a constant.  But we know that it is not a constant, so we need to a bit better.  It turns out that in order to understand semiconductors it is very important that we do a bit better.  

Energy Bands

We add in the atomic potential, and try to solve the Schroedinger equation in one dimensionn

E ψ(x) = - (ħ2/2m)(d2/dx2) ψ(x) + V(x) ψ(x)

Notice that the potential for the electron is periodic.  
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In other words

V(x+a) = V(x), where a is the spatial period.  Since this is much like a diffraction grating, this might lead us to suspect that there could be quantum interference when two wavefunctions whose wavelength differs by Δλ = a,2a,3a, and so on.  

Think about two wavefunctions at |k| = π/a: 

ψ- = (1/2i) [exp(ikx) – exp(-ikx)] = sin πx/a and 

ψ+ = (1/2) [exp(ikx) + exp(-ikx)] = cos πx/a.  

|ψ-|2  vanishes at the atom sites and |ψ+|2  is maximum there.  This leads to a big energy difference: ψ+ has a lower energy, even though ψ- and ψ+ have the same wavevector.  This leads to an energy gap at k = π/a 
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This gives us a clue as to what happens when the atoms are brought together to form a solid.  The atomic levels, which are discrete in the atom, form a continuum in the solid.  The result is that certain energies are forbidden, and the allowed ones form bands.  
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The amount of broadening of the level depends on the amount of overlap in the wavefunctions.  Let us take Si, with the atomic configuration 1s22s22p63s23p2 as an example.  The 1 and 2 shells do not broaden at all – they are core electrons.  They don’t even really know they are in the solid instead of the atom.
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Note that different bands, having different atomic origin, may overlap and mix as they broaden out.  Thus the bottom of the valence band is bonding s-like and the top is bonding p-like, but in the middle the s and p characters are very well mixed up.

The gap energy in Si is 1.2 eV.  In C in the diamond structure it is 7 eV.  When there is a gap between the highest filled and lowest unfilled states the system is an insulator, in the sense that at T=0, the conductivity is zero.
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Why is all this so important?  The point here is that if a solid is to conduct electricity, the DC electric field must be able to accelerate the electrons.  This means they must be able to change their momentum: they must be able to go from one k-state to another.  If the states are all filled, then there is no way to do this.  The only way to change k-states is to go across the gap, and we know that this involves a finite amount of energy, and therefore an oscillating field, not a DC one.  In Si, the minimum ω is given by Eg = ħω = 1.1 eV.

The distinction between semiconductors and insulators is quantitative, rather than qualitative.  If the gap is less about 2 eV, then there will be a measurable conductivity at room temperature, (though small by metallic standards).  (The gap for C in the diamond structure is so large that it is usually better to think of C as an insulator rather than as a semiconductor.)
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More importantly in practice, semiconductors can have their conductivity greatly increased by doping.  Metals almost always form when there are an odd number of electrons per atom.  Insulators may or may not form when the number of electrons is even.  It depends on the overlap of the bands.  For example, the transition metals are metallic regardless of the number of electrons.  Ionic and vdw solids are pretty much always insulators.

Gaps in Semiconductors

Group IV:

Si:  Eg = 1.1 eV

Ge: Eg = 0.67 eV

III-V:  GaAs:  Eg = 1.4  eV

            In As:  Eg =  0.43 eV, etc.

II-VI:  CdTe: Eg = 1.6 eV, etc.

These have the same structure and the same number of electrons, so we expect them to be very similar and they are.  They all have the same diamond crystal structure, except that in the III-V and II-VI, the oppositely charged atoms form a regular pattern so that they can take advantage of the ionic character of the compound.  Thus the III-Vs and II-VIs are polar, in the sense of having a separation of charge in the unit cell.         

