PH102, 2012W, Lecture Notes: February 17, Fri, Class 16

Energy Bands

The shape of wave
functions for a 4 atom
crystal is similar to that
of one single atom large
well, but four energy
states of the large single
well are grouped into an
energy band in a 4 atom
crystal.

Each band corresponds
to one of the energy
levels allowed in a
single atom case. In each
band, there are 4
possible energy states.
Since the potential
energy between positive
ions and free electrons
are electrostatic, the
potential energy will be
relatively lower when
the electron and the ion
are closer, that is nodes
of the wave function
appear between ions.
Potential energy can be
relatively higher when
electrons are farther
away from the ions, that
is, where antinodes of
the wave function
appear between the ions.
These create energy
band gaps.
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e If we plot this relationship in the

Energy (E) and wave number (k) space, ~ ——= | —— ——
we can draw the figure on the right. Since | band ___g |/
2 ¥ = ;
E = zh—mkz, the E plot over k looks like a ;
parabolic curve, but k is quantized by the S /
relationship: k = nL—” The four energy ’
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Expanding this analogy to an N-atom crystal of
which spacing between two neighboring ions is a. Figure 10.25 Band gaps occur when a = n/2 or k = nrrla. Top-

of-the-band states are zero between atoms, where the potential

° There Wl” be energy bands energy is high, whereas bottom-of-the-band states are large there.
e Each energy band corresponds to one of Mo 2,
the energy levels allowed in a single atom. A el
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e If Nis large, then the energy band can be ' — “ !
considered as a continuum of energies as V @\\/"_ l@b“dx/ © SO ow e
shown in the diagram below. The width of Nstaies

the band depends on the spacing between

ions (thus depends on the crystal structure).

As spacing, a, decreases, the band width increases. If two ions are getting closer than the
most stable SpaCing, then the Figure 10.26 Behavior of allowed clectron states as atomic spacing varies.
energy increases. Therefore, a

crystal will form when the § 1
energy becomes minimum, see ‘ \\\ 4 atomic 1
that the energy is minimum at \Q s Band J
spacing a in the diagram on the ' ]
right. ‘ I
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Figure 10.27 Bands and gaps in a one-
dimensional crystal

e For an N-atom one dimensional crystal, energy
bands over k are shown in the figure on the right. _

e Inall solids, electrons fill energy bands from low to ;
high according to the Exclusion Principle. \ n = 4 band /

Conduction By i%
¢ Inaconductor, the top most band is only partially
filled and this is where conduction electrons are. el
Lower full bands do not participate in conduction. \
Conduction electrons move freely inside the entire i Encrgy gap
crystal with no ionic potential. g
e Electrons in a conductor will fill up the energy Sl
levels upto Fermi Energy (Er, the highest occupied n;_:_ﬁ...(l
energy state measured from the bottom of the band) —3% 2% -1F 0 +1F +2f +3%
e When there is no external electric field, an equal s

amount of electrons move up and down the E state, creating no net momentum

kqvg = 0. When there is an external electric field, electrons will move opposite to the
direction of the electric field, therefore, increasing momentum, k,,,, > 0. If all electrons
in the conduction energy band move to the next available energy states, the net shift will
occur among the highest-energy states.

The net effect of a ficld is to

With no external electric field. shift some electrons moving
equal numbers of electrons move in the field’s direction . . ,
in both directions. %, ... tostates at slightly higher energ
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A more realistic ionic

Figure 10.29 When atoms form a crystal, low-lying nonvalance levels still belong to

pOtentiaI features Coulomb ch atom, while higher levels become bands.

potential as shown on the X

right. In this case, electrons / § 3 A :
in the low energy states do A =g e
not combine to energy bands. T | \ / - /
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Drift Velocity and Conductivity

Classically, electrons in a conductor move freely until they collide with positive ions in a
lattice. Collisions will slow down electrons, thus providing resistance to conduction.
After collision the electron will change direction and continue to move in that direction
until the next collision. As a result, when there is no electric field, the net velocity due to
collisions will be zero.

When an electric field is present, the electrons gain, between collisions, a component of
velocity opposite to the field. An electron under an external electric field will accelerate
for a time until the next collision, i.e. collision time, 7. The drift velocity refers to the

velocity acquired by a charge carrier under an external electric field. In this case,
eE

Varift = m_T
e

e Current density j
. charge charge distance e x No.of electrons N
— — = Vi = eNNV_gqyi

) = timexarea _ distance x area  time volume drift drift
) eE , Nt
j=eN—rt=e“—FE =0FE

e me N
Where o (conductivity) = e? m—T
Example:

The density of Silver = 10.5 x 103 kg/m3
(1) Approximate atomic separation

mass (= N xmass of one Silver atom)

density =
ensity volume (= a?3)
N xmass of one Silver atom 1 1
a=( - )3 =257x10"1%m
density

(2) Velocity of electrons associated with E

Ep = =mv?
F=5mu

2E,
v= [—=139x10°m/s
m

Collision time
a
T=-= 1.85x 1071 sec

(3) Conductivity

Nt
o=e*?—=3x10°Q" Im™?
me

This conductivity value is 1/100 of the actual value. This means that conduction electrons
in silver passes more than a few silver ions before colliding with a silver ion.



Band structures for conductor, insulator, and semiconductor

e Valence band: the highest-energy band that would be completely full at zero temperature

e Conduction band: the band that is above the valence band.

e For conductors, the conduction band is not completely filled, so that conduction electrons
can freely move when an external electric field is present.

e For insulators, the valence band is completely full and the conduction band is empty.
There is a large gap between the conduction and the valence bands, prohibiting electrons
move from the valence band to the conduction band under an ordinary electric field.

e For semiconductors, the conduction band is empty and the valence band is full but the
band gap is small so that electrons can move at ordinary temperatures. Conventionally,
when the band gap is smaller than 2eV, the material is called semiconductor.

Sigure 10.32 Band filling for an insulator. a conductor, and a semiconductor at zero and nonzero temperature. When 7 = (),

nconductor will have some electrons in the conduction band
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e Liisaconductor with one 2s electron per atom. The conduction band is half filled.

e Beisalso a conductor despite having two 2S electrons per atom because the energy
bands for 2s and 2p are overlapped.



