
Review: energy bands in solids

We found that in a solid, discrete energy states became smeared out into energy bands. As an

example, here was going 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.

Where is the Fermi energy with respect to these bands?
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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.
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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 of

f FD(E ) above the gap:
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Semiconductors II

Consider:

14 Si: 1s22s22p63s23p2

32 Ge: : : : 4s24p2

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

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

32 Ge: : : : 4s24p2 , 33 As: : : : 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)

� Modi�cation of Bohr radius and energy:

r = a0 �
�

m � =m
! r ' 8 nm

E = � E0 �
m � =m

� 2
! E ' 5 meV

The ground state of the donor electron is so small that it can

easily become unbound (recallkB T = 25 meV at room tem-

perature). See Serway Fig. 12.27.
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p doping

14 Si: : : : 3s23p2 , 5B: 1s22s22p1 , 13 Al: : : : 3s23p1

32 Ge: : : : 4s24p2 , 31 Ga: : : : 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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n andp doped semiconductors

From Sandin,Essentials of Modern Physics:
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p � n junctions

Junction between regions of differ-

ent doping:

How to calculate the �ow of

electrons? Gibbs factor with chemi-

cal potentialexp[(N� � E )=kB T ]

where the chemical potential is

� = qV.
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p � n junctions II
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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 . Rela-

tionships fornpn :

1. VE = VB � 0:6 Volts

2. I E = �I B , with � ' 100

3. VCE can span a large range

Mnemonic:npn = not pointing in.

An emitter follower, whereVout = Vin � 0:6

Volts.
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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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A regulated D.C. power supply

From Horowitz and Hill,The Art of Electronics:

Zener diodes begin to conduct at a well-de�ned reverse

bias voltage.
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AC-coupled emitter follower

From Horowitz and Hill,The Art of Electronics:

Capacitors: open circuit (broken wire) for frequenciesf � 1=RC, closed circuit (connected wire)

for frequenciesf � 1=RC.
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Inverted and non-inverted outputs

From Horowitz and Hill,The Art of Electronics:

Voltage on emitter is 0.6 Volts below base, givingI E = ( V � 0:6)=RE . Voltage on collector is

I E RC belowVCC sinceI C = I E .
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Current gain on AC signals

From Horowitz and Hill,The Art of Electronics:

How to drive cabinet speakers from an iPod (but with distortion).
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Eliminating crossover distortion

From Horowitz and Hill,The Art of Electronics:

Use diodes to compensate forVE = VB � 0:6 Volts.
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Differential ampli�er

From Horowitz and Hill,The Art of Electronics: Supply voltages: VEE = � 15 V,

VCC = +15 V.

Vout = VCC � I 2RC

VA = VEE + ( I 1 + I 2 )R1

V1 = VA + I 1RE + 0 :6

V2 = VA + I 2RE + 0 :6

Knowns: V1 , V2 , RE , R1 , RC , VEE ,

VCC .

Unknowns:I 1 , I 2 , VA , Vout.
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Differential ampli�er analysis

From Horowitz and Hill,The Art of Electronics:

Gdiff is differential gain.GCM is the common mode gain.

CMRR is the common mode rejection ratio.
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FETishes: �eld effect transistors

Much lower power consumption. Generally less power capacity. Oxide gates are so thin that even

small static voltage discharges can “break” them.
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Integrated circuits

Fabricate circuits on a single piece of silicon. Jack Kilby,

summer project at Texas Instruments, leading to �rst demon-

stration on September 12, 1958. Nobel Prize in Physics, 2000.

Robert Noyce at Fairchild Semicon-

ductor came up with the idea inde-

pendently in January 1959. His pro-

cess had improvements on Kilby's

and more closely resembles what is

done today.

Predictably there was a time period of patent battles between TI and Fairchild, which were eventually

solved by cross-licensing. First products in 1961.
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Semiconductor lithography I

FromScienti�c American, October 1997:
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Semiconductor lithography II

FromScienti�c American, October 1997:
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Lithography steppers

FromScienti�c American, October 1997:
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Recent steppers
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Op-amps: transistor circuits for dummies

Golden rules:

1. Inputs draw no current

2. Very high gain ofV + � V � soV + = V �

– p. 34/49



Op-amp circuits

Golden rules:

1. Inputs draw no current

2. Very high gain ofV + � V � soV + = V �

I 1 = Vin=R1 = � I 2 , so

Vout = I 2R2 = � Vin(R2=R1 ).
I 1 = Vin=R1 = I 2 , so

Vout = I 2 (R1 + R2) = Vin(R1 + R2)=R1 .
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Digital logic

VCC was traditionally +5 Volts; now it's more often 2-3 Volts forlower power consumption (besides,

complementary metal-oxide semiconductor �eld-effect transistors or CMOS FETs are what's used

anyway).
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Where has this led?

� 1971: Intel 4004 is the �rst microprocessor. 2,300

transistors, 10� m linewidths, 108 kHz clock speed.

� 1974: Intel 8080 released. 6� m linewidth, 6,000

transistors, 2 MHz clock speed. Cost per transistor:

around a penny.

� 1975: MITS Altair 8800 hobbyist microcomputer

($1200) with 256 bytes of RAM (upgradable). Bill

Gates and Paul Allen start selling software (leading

to the founding of Microsoft in 1976)

� 1976: Apple I is the �rst single-circuit-board PC

($666).

� 1977: Apple II is �rst with monitor and keyboard

included ($1200; 16-48 kBytes of RAM).

� Today: $500 microprocessors with109 transistors:

each transistor costs less than 1/10,000th of a cent.
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An explosion of capabilities

Gordon Moore, Intel: Moore's

law
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Chip guts

Intel 90 nm process: Nickel silicide on top; Si

gate electrode; 1.2 nm SiO2 , strained Si un-

derneath.

IBM metallization layers with Si removed.
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Intel experience I

Yan Borodovsky, Intel
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Intel experience II

Yan Borodovsky, Intel
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Technology roadmap

public.itrs.net: International Technology Roadmap for Semiconductors.
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On to the nucleus! Radioactivity

� Early 1896: Henri Becquerel noticed that uranium

compounds would fog photographic plates–the

discovery of radioactivity.

� 1898: Marie Sklodowska Curie measures

radioactivity by looking at ionization of air.

Unaffected by chemical binding, heat, etc.! Husband

Pierre then joins research; they discover radium and

polonium.

� Radioactive decay releases energies in the MeV

range!!!

� Becquerel, and Marie and Pierre Curie share the 1903

Nobel Prize in Physics. Marie is awarded the 1911

Nobel Prize in Chemistry.

Antoine Henri Becquerel

(1852–1908)

Marie Curie (1867–1934) and

Pierre Curie (1859–1906)
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Lots of energy!

� Rutherford and Soddy, 1903: “The energy of radioactive change must therefore be at least

twenty-thousand times, and may be a million times, as great as the energy of any molecular

change”

� Soddy in 1904: “If it [the energy of the nucleus] could be tapped and controlled what an agent

it would be in shaping the world's destiny! The man who put hishand on the lever by which a

parsimonious nature regulates so jealously the output of this store of energy would possess a

weapon by which he could destroy the earth if he chose.”

� Soddy continued: “The fact that we exist is a proof that [massive energetic release] did not

occur; that it has not occurred is the best possible assurance that it never will. We may trust

Nature to guard her secret.”

Quoted in Rhodes,The making of the atomic bomb
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Figuring out the nucleus

� From Rutherford, we know that the nucleus is small

(� 10� 15 m) and positively charged.

� From Bohr, we know that electrons are in orbitals

outside the nucleus.

� Soddy and others carried out examinations of

chemical properties of radioactive atoms and their

decay products. He proposes the existence of

isotopes (1910; Nobel Prize in Chemistry, 1921).

� An atom can be described withAZ X N , whereZ is the

charge (number of protons) which determines chem-

istry, andA is the weight (in proton masses).

Frederick Soddy (1877–1956;

Nobel Prize in Chemistry

1921)
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Neutrons

� It was originally thought that the difference

N = A � Z was due to pairings of protons and

electrons in the nucleus to give the mass of a proton

but zero charge.

� Chadwick, Cavendish Lab, 1932: discovery of the

neutron.N = A � Z is the number of neutrons in a

nucleus.

James Chadwick (1891–1974;

Nobel Prize in Physics 1935)
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Aston and mass spectrometers

� Inspired by J.J. Thomson's apparatus for measuring

e=m of electrons.

� Find match of orthogonal electric and magnetic

forces giving no de�ection of a charged particle:

qvB = qE so v = E=B

Now measure curvature in a magnetic �eld:

m
v2

r
= qvB0 so m =

qBr
v

=
qBB 0r

E

� Aston measures mass of 212 of what we now know

are 287 stable isotopes at Cavendish Lab starting in

1919.

From Giancoli:

Francis Aston (1877-1945;

Nobel Prize in Chemistry

1922)
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Stable isotopes

Masses of most isotopes are shown in Appendix B of Serway Stable and unstable isotopes (Serway

Fig. 13.4; the plot shown here is Fig. 12.7 of KraneModern Physicswhich swaps theZ andN axes):

We will return to this in more detail in the liquid-drop modelof the nucleus.
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Some properties of the nucleus

� Atomic mass unit: de�ned to be 1/12th the mass of a12 C atom.

1 u=931.494 043 MeV/c2 = 1 :66053886� 10� 27 kg

� Proton: charge +1, mass 1.007 276 466 88 u or 938.272 029 MeV/c2 , spin+ 1
2 .

� Neutron: charge 0, mass 1.008 664 915 60 u or 939.565 360 MeV/c2 , spin+ 1
2

� Nuclear density is approximately constant for all nuclei, so
A

(4=3)�R 3
= constant or

R = R0A 1=3 with R0 ' 1:2 � 10� 15 m.

� There are three types of decay emissions: alpha (� are4
2He nuclei), beta (� are electrons and

positrons), and gamma (
 : 0.1-10 MeV photons).

� Nuclear density is very high! Roughly1017 kg/m3
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