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Some course stuff
� I'm not quite done grading exam 2 yet: : : Thursday, I hope.
� Book report:

� I've now opened it on SafeAssign in Blackboard. All submissions
should be through SafeAssign, rather than by printed report.

� The deadline for submitting it on Blackboard is 11 pm on Sunday,
December 6. You have lots of time to get it done; no exceptionsfor
late hand-ins.

� What should the book report cover?
� It should give me an idea of what the book was about, though your

paper should not consist entirely of a summary of the book.
� It should give me an idea of what you learned about a subject in

modern physics that is different from what you learned from the
course textbook, lectures, homework, and exams.

� You might discuss interesting questions that the book report raises in
your mind.

� You should strive to make it interesting and stimulating.
� It should show me how you are actively engaged in thinking about

modern physics.
� It should use correct spelling and grammar.
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More than one atom
What happens when you bring two atoms near to each other? It depends
on the sign of (see Serway Fig. 11.7, 12.17; these �gures are from
Krane):
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Energy potential for H2
Consider the energy terms versus separation distance for symmetric and
antisymmetric wavefunctions inH2:

� UP is the repulsive Coulomb potential between nuclei.

� E+ is for  1 +  2. In this case the strongest binding is when the two
atoms overlap, because the 1sstate is happy to hold two electrons.
In this limit we effectively haveZ = 2 and a binding energy of

E = � 13:6 eV
(Z = 2)2

(n = 1)2 or -54.4 eV

� E� is for  1 �  2. In this case the wavefunction has a zero at small
r, which is more like a 2p state than a 1sstate. Therefore the energy
goes more like

E = � 13:6 eV
(Z = 2)2

(n = 2)2 or -13.6 eV

Adding eitherUP + E+ , or UP + E� , gives two different
relationships between binding energy and separation distance.
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H2 energy II

Again, the energy terms are

� UP for Coulomb
potential between
nuclei

� E+ for  1 +  2.

� E� for  1 �  2.

See Serway Fig. 11.16; this
�gure is from Krane.
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More than 2 atoms

Go from 2 to 5 to many atoms in close proximity (see Serway
Fig. 11.19, 12.16; these �gures are from Krane):

Conclusion: with atoms in a solid we go from energy states to energy
bands.
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Another way to understand banding
Consider electrons travelling along in a lattice. The relationship between
their kinetic energy and wavenumberk is given by

E =
p2

2m
=

� h
�

� 2 1
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� h

2�
2�
�
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� 2

2m

or k =

p
2mE
~

(see Serway Fig. 12.23; this �gure is from Krane).
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Energy bands II

However, at certain values ofk we will have strong re�ection (and thus
no propagation) as given by Bragg's law (see Serway Fig. 12.24):

2dsin� = n� ! 2asin 90� = n� ! k �
2�
�

= �
n
a
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Energy bands III

We therefore end up with banding in available energies, where particular

values ofk = �
n
a

are excluded from the plot ofk =

p
2mE
~

(see Serway

Fig. 12.25).
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Bands and occupancy: a metal

Consider sodium, which is a metal. We �ll up states til we reach the
Fermi energy (surface of the Fermi sea). In a metal, this is within a band
so that we can easily excite and move around valence electrons.



Multiple atoms and
bands

Electron
momentum and
bands

Metals and
insulators

Semiconductors

Diodes:p � n
junctions

Diode circuits

Transistors

Insulators

Insulators at zero temperature and at �nite temperature:

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

Semiconductors are materials where the energy gap is smaller, so that
there is some �nite value offFD(E) above the gap:



Multiple atoms and
bands

Electron
momentum and
bands

Metals and
insulators

Semiconductors

Diodes:p � n
junctions

Diode circuits

Transistors

Semiconductors II
Consider:
14Si: 1s22s22p63s23p2

32Ge: : : : 4s24p2

so we have “room” for two more electrons in eachp shell:
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n doping

14Si: : : : 3s23p2, 15P: : : : 3s23p3

32Ge: : : : 4s24p2, 33As: : : : 4s24p3
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Characteristics of donor electron
� Electric �eld is modi�ed by dielectric

constant�

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

�elds in the lattice:m� =
~2

d2�
dk2

which becomesm� ' 0:1me (see
homework)

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

� Modi�cation of Bohr radius and energy:

r = a0 �
�

m� =m
! r ' 8 nm

E = � E0 �
m� =m

� 2 ! E ' 5 meV
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p doping
14Si: : : : 3s23p2, 5B: 1s22s22p1, 13Al: : : : 3s23p1

32Ge: : : : 4s24p2, 31Ga: : : : 4s24p1

The lack of an electron is referred to as ahole. Just as electrons can
propagate through the lattice, so can holes!
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Holes: acceptor electrons

We use the same argument as with donor electrons to consider “acceptor
electrons” which are holes (see Serway Fig. 12.28):
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p andn doped semiconductors

� p-doped with acceptor states (holes) just aboveEF.

� n-doped with donor states (electrons) just belowEF.

Undoped,p-doped, andn-doped. From Sandin,Essentials of Modern
Physics.
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p � n junctions

Before contact.

After contact. Initial
�ow of electrons has
produced a voltage
bias, changing band
energies.
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p � n junctions II

After junction has been formed:

� It takes only a little thermal excitation to bring electronsfrom the
Fermi surface into the conduction band on then side. These
electrons can then diffuse into thep region. Since the tail of the
Fermi-Dirac distribution is exponential, this diffusion current
Idiffusion is exponentially controlled by the distance from the Fermi
energy to the conduction band in then doped region.

� Electrons within the valence band in thep region can “roll down
hill” and drift into then region to produceIdrift , even though there's
a semipermeable barrier in terms of the junction.

� These opposing currentsIdiffusion andIdrift are altered by bias
voltage in different ways. Remember that currents measure the �ow
of positive charge, opposite from the �ow of electrons.
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p � n junctions III
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Thep � n junction is a diode!

From Horowitz and Hill,The Art of Electronics, and Krane's modern
physics text (see also Serway Fig. 12.30):

The diode is fully forward biased at about 0.6 Volts. That is,there is a
voltage drop of 0.6 volts across a forward-biased diode.
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Full wave recti�er

From Horowitz and Hill,The Art of Electronics:
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Diode lasers

Recall that lasers need a population inversion and a dense photon �eld.
n ' 4 for silicon so edges of chip are like half-silvered mirrors! See also
Serway Figs. 12.44-46.
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“Triodes”: the transistor

What happens at an � p � n junction? Thep � n junction controls
conductance between onen junction and the other!
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The �rst transistor

Bardeen, Brattain, and Shockley, Bell Labs, 1948. Nobel Prize in
Physics, 1956. (Bardeen also got the 1972 Nobel Prize in Physics for
understanding superconductivity). See also Serway Fig. 12.33.
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How transistors work

From Horowitz and Hill,The Art of Electronics:

Emitter, base, collector:VE, VB,
VC. Relationships fornpn:

1 VE = VB � 0:6 Volts

2 IE = � IB, with � ' 100

3 VCE can span a large range

Mnemonic: npn = not pointing
in.

An emitter follower, where
Vout = Vin � 0:6 Volts.



Multiple atoms and
bands

Electron
momentum and
bands

Metals and
insulators

Semiconductors

Diodes:p � n
junctions

Diode circuits

Transistors

Transistor: history I (1953)
Transistor invented 1948 at Bell Labs. Commercial availability: 1953

Cost down to $0.99 by December 1955!
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Transistor: history II (1953)
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