
Chapter 3
Band Theory and Diode Circuits



1) Non-linear components

(a) Current-voltage characteristics

R, L, C are “linear” because v is prop to i

That is, v = iz

I

V

IV dependence determines properties

usually measured and analyzed graphically

• ideally, components considered here do not have frequency dependence
• real components have stray capacitance and inductance



 (b) The ideal rectifier (conducts in one direction only)
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Rectifier example; vacuum tube diode



2) The junction diode (pn)
p - means positive charge carriers
n - means negative charge carriers

 (a) IV characteristics

approximately
exponential

approximately
linear (ohmic)



• Turn-on (or threshold) voltage: Vt ~        0.7 V (Si);        0.2 V (Ge)

• Leakage (or reverse) current:     I0 ~          pA (Si);            µA (Ge)
           
       (depends exponentially on temperature; unusable @ > ~ 200 ºC)

• Forward resistance: rD = dV
dI

= 1
dI / dV

→ 0 (~ Ω)

- ignore in nearly all circuits
- needs series resistor for protection



(b) Symbol for solid state diode

direction of positive current flow



(c) Equivalent circuits

≡Forward 
biased

≡Reverse 
biased
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Vt
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(approx)

Vt
rD

(V −Vt ) R
R+rDRV

(better)



(d) Schockley diode equation (justified later)

I = I0 e
qVd /ηkT −1( )

q - elementary charge
k - Boltzmann constant
T - thermodynamic temperature
Vd - diode voltage
𝜂 - ideality factor
       (1 for ideal diode; > 1 for Si)
I0 - reverse saturation current

I = I0 e
Vd /ηVth −1( )

Vth =
kT
q

= 25.85 mV at T  = 300 K

is the thermal voltage



I = I0 e
Vd /ηVth −1( )

I0 = pA
I0 = nA
I0 = µA

η = 1
0.7 V

𝜂 = 1
𝜂 = 1.5
𝜂 = 2

0.7 V

I0 = pA

For positive bias,

I ≅ I0e
Vd /ηVth



(e) Load line analysis

V0

I Vd

R

V0 −Vd − IR = 0

I = V0
R
− Vd
R

but I = I0 e
qVd /ηkT −1( )

so V0 −Vd
R

= I0 e
qVd /ηkT −1( ) no simple analytical 

solution

Vd

I

I = V0
R
− Vd
R

V0
R

V0

load line

I = I0 e
qVd /ηkT −1( )

operating point

graphical analysis



3) Rectifier circuits
(a) Half-wave rectifier
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R v2 = v1 − vd
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i or v2
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(b) centre-tapped full wave rectifier

v =Vp sinωtSecondary:

v

v1

v2

v1 =
Vp
2
sinωt

v2 = −
Vp
2
sinωt

vo = (i1 + i2 )R

i1R

i2R

i1
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Vp / 2−Vt



(c)Bridge rectifier
v =Vp sinωtInput: 

Peak output: Vo =Vp − 2Vt

Vo

+

+



For v = Vp

0 V
-Vt

v =Vp sinωt

Vp-Vt

Vp-2Vt



4) Capacitor filters

Vr
Vp

= 1
fRLCVp

Vr

If f represents output frequency, same equation 
applies for full-wave rectifier

r = Vrms (ac)
Vdc

≅ 1
2 3 fRLC







5) AM diode detector

• carrier signal f ~ 1 MHz

• modulating audio signal f ~  10 kHz

• to smooth carrier frequency, RC >> Tc = 1/fc = ~ 1 µs

• to preserve audio signal, RC << Tm = 1/fm = ~ 1 ms

• Choose RC  = ~ 10 µs





6) Voltage doubler / multiplier
(a) Doubler

Full voltage is not reached in the 
first cycle, but rapidly converges to 
these values.

v =V sinωt

-x -x



v =V sinωt

-x -x

-x-x

-x



b) Cockroft-Walton generator

• When the input voltage Vi reaches its negative peak −Vp, current flows through 
diode D1 to charge capacitor C1 to a voltage of Vp.

• When Vi reverses polarity and reaches its positive peak +Vp, it adds to the 
capacitor's voltage to produce a voltage of 2Vp on C1s righthand plate. Since 
D1 is reverse-biased, current flows from C1 through diode D2, charging 
capacitor C2 to a voltage of 2Vp.

• When Vi reverses polarity again, current from C2 flows through diode D3, 
charging capacitor C3 also to a voltage of 2Vp.

• When Vi reverses polarity again, current from C3 flows through diode D4, 
charging capacitor C4 also to a voltage of 2Vp.





• All the capacitors are charged to a voltage of 2Vp, except for C1, which is charged to Vp. 

• The key to the voltage multiplication is that while the capacitors are charged in parallel, they 
are connected to the load in series.



This Cockcroft–Walton voltage multiplier was part of one of the early 
particle accelerators responsible for development of the atomic bomb. 
Built in 1937 by Philips of Eindhoven it is now in the National Science 
Museum in London, England.

Cockroft and Walton used this voltage multiplier 
cascade to generate potentials up to 1 MV, used to 
accelerate particles. In 1932 they split lithium 
nuclei by bombarding them with 700 keV protons.

In 1951 won they were awarded the Nobel Prize in 
Physics for "Transmutation of atomic nuclei by 
artificially accelerated atomic particles”.



Example:



v1

v2

V

.9V
.95V

v1

Vr1 =
VT
τ

= 0.1V

v2

.9V + .95V = 1.85V

Vr2 =

vout = v1 + v2

Vp = 1.95V
Vr = 0.1V

V + .95V = 1.95V

t

vin



Part 2 - band theory



- resistivity ~ 1 Ωm, decreases with temperature
- pure Si (or Ge, or GaAs): 4 valence electrons
- in crystal, all participate in covalent bond: no free charge carriers

7) Semiconductors





8) Energy bands





gap ~ eV
gap ~ 8 eV





9) Electrons and holes
• At room temperature, a small number of electrons are promoted 
to the conduction band by thermal energy.

• This leaves a vacancy, called a hole; which can migrate.

• Both holes and electrons carry current; holes are less mobile.







10) Doping; extrinsic semi-conductors
• n-type: doped at ppb level with 5 valence-electron element (e.g. As)

extra electrons are free 
to carry negative 
charge

• negative electrons are majority charge carriers



• p-type: doped at ppb level with 3 valence-electron element (e.g. Ga)

“holes” act as positive 
charge carriers

• positive holes are majority carriers



p and n type semiconductors are on average neutral, and conduct electricity



11) pn junction (2)
• electrons from n-type diffuse across to fill vacancies in the p-type
• forms a depletion region with E field; at eq’m diffusion stops



Band diagram of pn junction



small current due 
to minority carriers

conducts when thermal
energy of electrons (holes)
exceeds barrier



Density of particles at energy E, at temp T:

Number of particles with energy > E + ∆E

Electron flow is proportional to N (and are equal with no bias):

Unbiased diode



Applying a bias only affects f1.

so, 

Taking Vd > 0 for forward bias: 

Vd =V0

Vd = -V0

Biased diode

d

d

I = I0 e
eVd /kT −1( )



Minority carrier injection:

A fwd biased diode, injects electrons into p-type, and holes into
n-type.



12) Breakdown, Zener diodes

For high doping, depletion region is small and electric field is large.

High reverse bias can cause two breakdown phenomena:

1. Avalanche breakdown. Electrons from the p-side gain high energy 
and ionize other atoms in the depletion layer, producing a new 
electron-hole pair. The new electron produces more pairs and so on.

2. Zener breakdown. The electric field in the depletion layer directly  
produces ionization.



When breakdown occurs, current increase is nearly vertical.

Vb



13) Zener diode regulator

• If output voltage is Vb

• The zener must be able to handle (Vs - Vb)/Rs 

• dynamic resistance about 1 Ω if breakdown is exceeded.



14) Tunnel diode
Highly doped pn junction ==> narrow depletion region 
                                                  (10 - 100 atomic dimensions)





• narrow depletion region —>fast response
• negative differential resistance

• high frequency oscillator (microwave range)
• amplifier



15) Silicone controlled rectifier (SCR)



Light dimmer, etc



Light Emitting Diode

16) Photon emission and absorption







Illustration of Haitz's law, showing improvement in light output per LED over 
time, with a logarithmic scale on the vertical axis



800 lm

1500 lm



Photodiode

Light produces electron-hole pair, which produces current 
if near enough to the depletion region



 photo-voltaics
• photon excites electron to conduction band (photoelectric effect)
• E-field in depletion region separates charge, produces electricity


