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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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“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.
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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, givingIE = ( V � 0:6)=RE.
Voltage on collector isIERC belowVCC sinceIC = IE.
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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.



Diodes

Diode circuits

Transistors

Transistor circuits

Modern
semiconductor
electronics

FETs: �eld effect
transistors

Integrated circuits

Semiconductor
lithography

Op-amps

Digital logic

Microprocessors

Moore's law

Einstein heat
capacity

The nucleus

Radioactivity

Isotopes

Nucleus: properties

Radioactivity

Radioactive decay

Alpha decay

Beta decay

Gamma decay

Decay chains

Differential ampli�er

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

V, VCC = + 15 V.

Vout = VCC � I2RC

VA = VEE + ( I1 + I2)R1

V1 = VA + I1RE + 0:6

V2 = VA + I2RE + 0:6

Knowns:V1, V2, RE, R1, RC,
VEE, VCC.
Unknowns:I1, I2, 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.

� Most modern electronics use FETs, and in particular CMOS
(pronounced like “sea moss”; complementary
metal-oxide-semiconductor) FETs.
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Integrated circuits: Jack Kilby

Fabricate circuits on a single piece
of silicon. Jack Kilby, summer
project at Texas Instruments, leading
to �rst demonstration on September
12, 1958. Nobel Prize in Physics,
2000.
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Integrated circuits: Noyce

Robert Noyce, a co-founder of
Fairchild Semiconductor in 1957,
came up with the idea independently
in January 1959. His process had
improvements on Kilby's and more
closely resembles what is done to-
day. Noyce later left Fairchild and,
with Gordon Moore, founded Intel
in 1968.

Patent battles erupted between TI and Fairchild, which wereeventually
solved by cross-licensing. First integrated circuit products appeared 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�
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Op-amp circuits

Golden rules:

1 Inputs draw no current

2 Very high gain ofV+ � V� soV+ = V�

I1 = Vin=R1 = � I2, so
Vout = I2R2 = � Vin(R2=R1).

I1 = Vin=R1 = I2, so
Vout = I2(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).



Diodes

Diode circuits

Transistors

Transistor circuits

Modern
semiconductor
electronics

FETs: �eld effect
transistors

Integrated circuits

Semiconductor
lithography

Op-amps

Digital logic

Microprocessors

Moore's law

Einstein heat
capacity

The nucleus

Radioactivity

Isotopes

Nucleus: properties

Radioactivity

Radioactive decay

Alpha decay

Beta decay

Gamma decay

Decay chains

Intel 4004/8080

1971: Intel 4004, 10� m linewidth, 2300 transistors, 0.108 MHz clock
1974: Intel 8080, 6� m linewidth, 6000 transistors, 2.0 MHz clock speed
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Intel Core 2 duo

2007: Intel Core 2 Duo, 65 nm linewidth, 291 million transistors, 2200
MHz clock speed, 2 processors, 4 MB cache memory
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Desktop computers

� 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) with256
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).

� 1981: IBM PC 5150 with Intel 8088 processor and �oppy disk.

� 1983: IBM PC XT 5160 with 0.000 640 GB RAM and 0.010 GB
hard drive, and 640� 350, 16 color graphics: $8,000.

� Today: $300 microprocessors with 109 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 sili-
cide on top; Si gate electrode;
1.2 nm SiO2, strained Si under-
neath.

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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Back to Bose-Einstein
If the occupancy of a state can be any integer (such as with photons or
phonons), we use the already-normalized Bose-Einstein distribution
function (Serway Eq. 10.3):

fMB(E) =
1

exp[E=kBT] � 1
(1)

Here's Fig. 24-1 of Sandin,Essentials of Modern Physics. Note that at
E = kBT = 25 meV for room temperature, we getfMB(E) � 1.
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Classical heat capacity
� Consider atoms in a solid. They all have equillibrium positions. We

know that solids have some elasticity, so there must be a restoring
force for displacement from starting positions.

� What about the electrons? We will see that a few electrons (the
conduction electrons) are so easily removed that it takes very little
energy, while the rest happily stay put with their atom. For those
others, they again will have a restoring force towards their
equillibrium position relative to the nucleus.

� The lowest order expansion term for these restoring forces is
F = � kx, so we can approximate the system as a collection of
harmonic oscillators.

� For a harmonic oscillator, we have an energy of1
2kBT per degree of

freedom.
� How many degrees of freedom are there?

� 3 for an atom being able to “choose” to have its displacement be
distributed over three orthogonal directions

� 2 for an atom being able to “choose” its ratio of kinetic to potential
energy

There are 6 degrees of freedom.
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Classical heat capacity of a solid
� Again, we have three degrees of freedom for orthogonal directions,

and two degrees of freedom for kinetic versus potential energy for
storing energy, and(1=2)kBT energy per degree of freedom.
Therefore the relationship between energy and temperatureper
atom should be

E = 3 � 2 �
1
2

kBT = 3kBT;

or E = 3NAkBT = 3RT per mole of atoms.
� It's tough to measure the total energy of a solid as a functionof

temperature starting from zero. What's easier to measure istheheat
capacity, which tells us how the temperature changes as we add
heat (Serway Eq. 10.29):

C =
dU
dT

=
d

dT
3RT = 3R = 3NAkB

= 3 � (6:02� 1023 atoms
mol

) � (1:38� 10� 23 J
K

) = 24:9
J

mol � K

Since 1 calorie=4.184 Joules, we haveC = 5:95 cal/(mol� K). This
matches room temperature experiments; see Serway Fig. 10.9.
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Heat capacity: experimental data

The heat capacityC of many substances approaches 3R = 5:95
cal/(mol�K) at high temperatures:
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Einstein heat capacity I

� How independent are atoms in a solid? Since in the harmonic
oscillator approximation they're all tied to each other through
springs, the displacement of one atom should affect its neighbors
ad in�nitum. These acoustical waves of displacement about mean
positions are calledphonons.

� Let's assume that phonons carry an energy~! , where! is some
atom-dependent resonance frequency for acoustical excitations.

� Let's assume that we can have multiple occupancy of phonon
states, so that Bose-Einstein statistics apply. The energyin a mole
of atoms is then 3~! per atom for three orthogonal directions. The
total energy must include the Bose-Einstein probability for
occupying modes (Serway Eq. 10.33):

U = 3NA ~!
1

exp[~!= kBT] � 1
(2)
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Einstein heat capacity II

� The total energy was (Eq. 2)

U = 3NA
~!

exp[~!= kBT] � 1

� The average energy�E per 1D atom mode can be found from letting
x � ~!= kBT which gives

�E =
~!

exp[~!= kBT] � 1
= kBT

x
exp[x] � 1

' kBT
x

1 + x + x2 + x3 + : : : � 1
' kBT

1
1 + x + x2 + : : :

' kBT(1 � x � x2 � : : :)
�E ' kBT (3)

where we have used a high temperature orkBT � ~! limit.
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Einstein heat capacity III

� Once more, the total energy was (Eq. 2)

U = 3NA
~!

exp[~!= kBT] � 1

� It's easier to measure heat capacity than it is to measure total
energy (Serway Eq. 10.32):

C =
dU
dT

= 3NA ~!
d

dT
(exp[~!= kBT] � 1)� 1

= 3NA~!
~!
kB

� 1
T2 (� 1) exp[~!= kBT](exp[~!= kBT] � 1)� 2

= 3NAkB

�
~!
kBT

� 2 exp[~!= kBT]
(exp[~!= kBT] � 1)2 (4)
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Einstein heat capacity IV
� Again, we have Eq. 4 of

C = 3NAkB
� ~!

kBT

� 2 exp[~!= kBT]
(exp[~!= kBT] � 1)2 :

� Is this consistent with the classical resultC = 3Rat high
temperatures? Let's rewrite our result as

C = 3R x2 ex

(ex � 1)2

with x � ~!= kBT so thatx ! 0 asT ! 1 . The Taylor series
expansion ofex is ex ' 1 + x for smallx, so we have

C ! 3Rx2 1 + x
(1 + x � 1)2 ' 3Rx21 + x

x2 ' 3R(1 + x)

So we agree with the classical result at high temperatures, and it is
found that this relationship works well at low temperaturestoo (see
Serway Fig. 10.10).
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Einstein heat capacity V

Here's Eq. 4 of

C = 3NAkB
� ~!

kBT

� 2 exp[~!= kBT]
(exp[~!= kBT] � 1)2 :

and data for diamond from Serway Fig. 10.10:
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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 bea
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 his hand 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 isthe best
possible assurance that it never will. We may trust Nature toguard
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 withA
ZXN,

whereZ is the charge (number of
protons) which determines chemistry,
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
differenceN = 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 measuringe=mof 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

=
qBB0r

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 a12C 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)� R3 = constant orR = R0A1=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! Roughly 1017 kg/m3
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Radioactivity
� We cannot predict when any one nucleus will decay. We �nd,

however, that the rate of nuclei that decay is proportional to the
number present (Serway Eq. 13.8):

dN
dt

= � � N (5)

� The activityA = � N (or R = � N in Serway Eq. 13.10) is often
expressed in Curies:
1 curie (Ci)=3:7 � 1010 decays/second.

� Integrating Eq. 5 givesN = N0e� � t whereN0 is the number of
nuclei present att = 0. SinceA / N we also haveA = A 0e� � t.

� It is frequently useful to talk about a half-life, which is the time
over which half the nuclei decay:

N0

2
= N0e� � t1= 2 ! t1=2 =

ln 2
�

=
0:693

�

� SinceA = � N, A / 1=t1=2. That is, a source with a shorter
half-life is “hotter.” (The general public automatically assumes that
long half-lives are worse).
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A radioactive source
� Consider a 1� Ci source of137Cs:

137
55 Cs! � � + 137

56 Ba

Note how we have preserved mass (at least approximately) and
charge.

� t1=2 = 30:17 years so

� =
ln 2
t1=2

=
0:693

(30:17 y) � (365 d
y) � (24 h

d) � (3600 s
h)

= 7:2� 10� 10 1
sec

� Number of atoms is

N =
A
�

=
(10� 6 Ci) � (3:7 � 1010 decays/s/Ci)

7:23� 10� 10 s� 1 = 5:1� 1013 atoms

� Mass is

5:1 � 1013 atoms
6:02� 1023 atoms/mol

� 137 g/mol= 1:16� 10� 8 g

though in fact we will see thatA = 137 g/mol is not quite correct.
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The following table (Table 12.2 of KraneModern Physics) is more
informative than Table 13.5 of Serway:
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Alpha decay: nuclear tunneling
� George Gamow, 1928, while

visiting Bohr in Copenhagen
and Born and Heisenberg in
Göttingen: There must be a
strong but short-range nuclear
force that overwhelms
Coulomb repulsion.

� An alpha particle “trapped” in
the nucleus will bang into the
“walls” at time intervals of
2R=v or about 1022 times per
second. Tunneling rate out of
the nuclear potential goes like
(Krane Eq. 12.24; see Serway
Example 13.9 on p. 487)

� =
v

2R
e� 2kL with k =

p
2m(U0 � E)

~

George Gamow (1904-1968)
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Alpha decay of radium

� The reaction is

226
88 Ra! 222

86 Rn+ 4
2 He+ energy

� Mass disappears!

� m = ( 226:025402� 222:017570� 4:002603) u = 0:00523 u

Einstein:E = mc2 so `disappeared' mass becomes energyQ (see
Serway Eq. 13.16)

Q = (� m)c2 = 0:00523 u�
931:5 MeV=c2

u
= 4:87 MeV

� That energyQ gets split between� and nucleusx:

Q =
1
2

h
mxv2

x + m� v2
�

i
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Alpha decay of radium II
� Conservation of momentum:mxvx = m� v� , so inserting this into

Q = ( 1=2)
h
mxv2

x + m� v2
�

i
gives

Q =
1
2

hm2
� v2

�

mx
+

m2
� v2

�

m�

i
=

1
2

m� v2
�

hm�

mx
+ 1

i

� Now K� = ( 1=2)m� v2
� andmx ' m�

A � 4
4

so
m�

mx
=

4
A � 4

� Therefore
hm�

mx
+ 1

i
=

h 4
A � 4

+
A � 4
A � 4

i
=

A
A � 4

� We then haveQ = K�
A

A � 4
or K� = Q

A � 4
A

(compare with

Serway Eq. 13.19, which is written in terms ofK� and the mass of
the daughter rather than the parent).

� In our example,K� = 4:87 MeV
226� 4

226
= 4:79 MeV somx

carries little kinetic energy.
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Beta decay

� Beta or� decay involves the emission of an electron (� � ) or its
antimatter partner, a positron (� + ), from the nucleus.

� Remember that in alpha decay we found a well-de�ned relationship
between the energy of the emitted alphaK� and the total energy

releasedQ of K� = Q
A � 4

A
(compare with Serway Eq. 13.19,

which is written in terms ofK� and the mass of the daughter rather
than the parent). This was due to requiring the simultaneous
conservation of energy and momentum. Finding such well-de�ned
energies of decays implied:

� Some set of discrete energy states in the nucleus
� The energyQ released is the difference between two states
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Beta decay II

� Experimentally it is found that� decay yields a wide range of
kinetic energies. If discrete energy states are producing the betas,
how can we explain a distributed spectrum?

� There must be a partner particle emitted in beta decay with which to
share momentum and energy.

� It must be electrically neutral.
� From examining mass differences and energy release before and after

decay, we can calculate� m c2 and infer that the particle must be very
light.

� In 1930, Wolfgang Pauli proposes the existence of the neutrino� .
No charge, almost no mass (present experimental limits are roughly
0.1-2 eV/c2 for the electron neutrino)

� In fact, there are two other leptons besides the electron (� at 105
MeV/c2, � at 1777 MeV/c2), and each lepton has its own neutrino
type� � and� � . They are rare and we won't discuss them further.

� The force that describes this is theweaknuclear force (and at high
energies we have electroweak uni�cation).
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Example beta decays
� Decay of the neutron produces an electron and ananti-neutrino:

n ! p + e� + �� or in nucleiAZXN ! A
Z+ 1 X0

N� 1 + e� + ��
Energy released:Q = [ m(AX) � m(AX0)]c2 (after keeping track of
the electron gained by theZ+ 1X0 nucleus)

� Decay of the proton (lifetime of free protons is at least 1033 years):
p ! n + e+ + � or in nucleiAZXN ! A

Z� 1 X0
N+ 1 + e+ + �

Energy released:Q = [ m(AX) � m(AX0) � 2me]c2

� Another reaction iselectron captureby a proton:
p + e� ! n + � or in nucleiAZXN + e� ! A

Z� 1 X0
N+ 1 + �

Energy released:Q = [ m(AX) � m(AX0)]e2 given almost entirely to
the neutrino.

See Serway Table 13.4, or Krane Table 12.3:
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Gamma decay

Photons released as a result of tran-
sitions between nuclear energy lev-
els (just like with electronic transi-
tions, except the energies are much
larger!). See Serway Fig. 13.20 for
one example; here's another:
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Decay chains

We've outlined the basic single-step radioactive decay processes. In fact,
radioactive isotopes often involve a series of decays, and they can
include branching:

Three natural heavy-element decay chains wind up producingdifferent
isotopes of lead:
238
92 U ! 206

82 Pb (t1=2 = 4:47� 109 years)
235
92 U ! 207

82 Pb (t1=2 = 7:04� 108 years)
232
90 Th ! 208

82 Pb (t1=2 = 1:41� 109 years)



Diodes

Diode circuits

Transistors

Transistor circuits

Modern
semiconductor
electronics

FETs: �eld effect
transistors

Integrated circuits

Semiconductor
lithography

Op-amps

Digital logic

Microprocessors

Moore's law

Einstein heat
capacity

The nucleus

Radioactivity

Isotopes

Nucleus: properties

Radioactivity

Radioactive decay

Alpha decay

Beta decay

Gamma decay

Decay chains

An example decay chain
The half-life of235

92 U ! 207
82 Pb ist1=2 = 7:04� 108 years

See also Serway Fig. 13.21.
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