The Fermi sea

The Fermi sea

We found that for Fermiong(g, electrons), we use the
already-normalized Fermi-Dirac distribution functiore(@ay
Eqg. 10.25)

1 2 3N

fro(E) = oE E)FeT+ 1 with  Eg = am v

whereEg is the Fermi energy. Here's Fig. 24-3 of Sandiissentials of
Modern Physicswhich is just like Serway Fig. 10.11:
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The Fermi sea

Heat capacity for electrons

We found that the heat capacity for electrons is

C= 2NkB
F

The surprising part of this result is that the heat capadith®
valence electrons in a metal goes to zero as the temperatesdq
zero!

In other words, when we add energy into the system, we very
quickly knock some electrons out from the Fermi sea, and once
they're out there are a large number of states availablegimth



More than one atom

papeaomsand - \What happens when you bring two atoms near to each otherpénde
on the sign of (see Serway Fig. 11.7,12.17; these gures are from
Krane):

(a) (b)

FIGURE 9.2 The overlap of two hydrogenic wave functions. In
(a), the two wave functions have the same sign, while in (b) they
have opposite signs.
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FIGURE 9.3 The probability densities corresponding to the two
wave functions of Figure 9.2.




Energy potential for ki

Multiple atoms and Energy terms (See SeI’Way
bands Fig. 11.16; this gure is from
Krane):

Up for Coulomb potential
between nuclei

E. for 1+ 5. Inthiscasethe
strongest binding is when the
two atoms overlap and we have
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E for 1 ». In this case
the wavefunction has a zero at
smallr, which is more like a g
state than adstate. Therefore .,
the energy goes more like S e of v i s b
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More than 2 atoms

Multiple atoms and
bands

Go from 2 to 5 to many atoms in close proximity (see Serway
Fig. 11.19, 12.16; these gures are from Krane):
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FIGURE 11.13  Splitting of 3s lev- FIGURE 11.14  Splitting of 3s lev- Atomic separation
els when two atoms are brought to- els when five atoms are brought to- FIGURE 11.15 Formation of 3s
gether. band by a large number of atoms.

gether.

Conclusion: with atoms in a solid we go from energy statesergy
bands.



Another way to understand banding

Consider electrons travelling along in a lattice. The fetathip between
Electron their kinetic energy and wavenumbeis given by

momentum and
bands
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(see Serway Fig. 12.23; this gure is from Krane).
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FIGURE 11.25 The parabolic re-
lationship between energy and wave
number for a free particle.
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Semiconductors

Another way to understand
banding I

However, at certain values &fwe will have strong re ection (and thus
no propagation) as given by Bragg's law (see Serway Fig.4)2.2
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FIGURE 11.24 One-dimensional
Bragg scattering. The only possible
scattering is a reflection back along
the original direction.



Another way to understand
banding Il

Electron
momentum and

bands We therefore end up with banding in available elbergles wharticular
2mE

n
values ok = — are excluded from the plot &f=
Fig. 12.25).

(see Serway
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FIGURE 11.27 The relationship
between energy and wave number for
a one-dimensional lattice. The
dashed curve is the free-particle pa-
rabola. The solid curves represent
waves scattered by the lattice.



Bands and occupancy: a metal

Consider sodium, which is a metal. We |l up states til we redue
Fermi energy (surface of the Fermi sea). In a metal, thistkiwa band
so that we can easily excite and move around valence elesctron

Metals and
insulators
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FIGURE 11.18 Population of en-
ergy bands in sodium at 7> 0. The
( 2N 1s 2p band is no longer completely full

FIGURE 11.16 Energy bands in and the 3p band is no longer com-
5 s pletely empty.
sodium metal.




The Fermi sea | nSU |a-t0 rS

Multiple atoms and
bands

Electron .
g:iw”(]:““‘ma”” Insulators at zero temperature and at nite temperature:
Metals and
insulators
Semiconductors ( Conduction band
Conduction band T
E, )
*************** S i
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fffffffffffffff —k ( Valence band SrolE)
(K . .
( Valence band frolE) 0 1
0 1 FIGURE 11.20 When Eg = kT,
FIGURE 11,19 Band structure in the conduction band is still unpopu-
which Ep lies in the gap between lated. This situation is characteristic
bands. of an insulator.

When we nally overcome the large energy gépwe get electrical
breakdown of the material.
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Semiconductors

Semiconductors are materials where the energy gap is snsallthat
there is some nite value di-p(E) above the gap:

Semiconductors

( Conduction band

( Valence band

FIGURE 11.21 Band structure of
a semiconductor. The gap is much
smaller than in an insulator, so there
is now a small population of the con-
duction band.
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FIGURE 11.37 The tail of the
Fermi-Dirac distribution function
near the bottom of the conduction
band. On the scale of this diagram,
the “1” of frp (E) is 1000 km off to
the right and Ep is about 1 m below
the bottom of the page.
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FIGURE 11.38 The Fermi-Dirac
distribution function near the top of
the valence band, showing the small
fraction of empty states.



Semiconductors Il
Consider:
14Si: 1522522[)63323[32
oGe::: 4524p?
so we have “room” for two more electrons in egehhell:

Semiconductors



n doping

14Si: 111 3523p?, 15P: 11 3523p°
320Ge: 11 ASP4p2, 33AS: | 1 4sP4p®

Semiconductors



Characteristics of donor electron

Electric eld is modi ed by dielectric
constant

Effective mass due to modi cation of
electron's acceleration by electric

2

Semiconductors eIdS II’I the |a.tt|cem = Tdkz
which becomesn ' 0:1m (see
homework)

The ground state of the donor electron is so
small that it can easily become unbound (re-
call keT = 25 meV at room temperature).
See Serway Fig. 12.27.

Modi cation of Bohr radius and energy:

r = a —— ! r'-8nm

m =m
m =m
2

E = Eo ! E' 5meV



p doping
14Si: 111 3523p?, 5B: 1572522pt, 13Al: @1 :3s%3pt
pGe:::45?4p?, 51Ga::  4%4pt
The lack of an electron is referred to ab@e Just as electrons can
propagate through the lattice, so can holes!

Semiconductors



Holes: acceptor electrons

We use the same argument as with donor electrons to considegjtor
electrons” which are holes (see Serway Fig. 12.28):

Semiconductors



n andp doped semiconductors

From SandinEssentials of Modern Physics

Semiconductors
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