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Physics - Electricity & Magnetism

Electrostatics

Electric field is a region where an electric force can be experienced by a test charge

Electric field intensity
 is the electric force experienced by a unit of positive charge

· 
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· Unit: NC–1, Vm–1
Coulomb’s Law:
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The force between charged particles is proportional to the product of the charges and inversely proportional to the square of the distance between them

· Electric force 
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·  = Permittivity of the medium

· Unit: C2N–1m–2 or Fm–1
·  = Permittivity of free space
 = 8.85(10–12 C 2 N–1 m–2
· Permittivity of air in STP = 1.0005
· Relative permittivity 
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In vacuum, 
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· Electric force 
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· Electric field intensity 
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Shell theorem states that a uniform spherical shell of charge behaves, for external points, as if all the charges were concentrated of its center.  For charged particles placed inside, no force is exerted by the shell.
Field Lines:

· Field lines are lines of force in electric field

· Represent an electric field pictorially

· Direction of tangent of the field line represents the direction of force acting on a positive test charge

· Density of field line is proportional to the magnitude of electric field

· Field lines form no closed loops, nor intersects

· Lines start at the positive charge and end at negative charges

· Number of lines attached to a charge is proportional to the magnitude of charge

Electric Potential Energy of a charge q at point P is the work done by a force bringing the charge from infinity to point P

· Electric 
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· At infinity, the electric P.E. of any charge is defined to be 0
A system tends to have minimum U, thus:

· Like charges have U  0 and repulsion decreases the U towards 0 at infinity separation

· Unlike charges have U  0 and attraction decreases the U towards –( at zero separation

Electric potential V at point P is the electric potential energy U per unit charge

· 
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· Unit: JC–1, Volt V

· Electron-volt is a unit of energy, 1 eV = 1.602(10–19 J

Electric force F =
[image: image10.wmf]dr

dU

-


· Negative sign indicates that electric force points to lower U
Electric field intensity E =
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Uniform plate

· E-field btw two plates are uniform

· P.d. btw two plates is given by 
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· V = Ed
( 
E-field btw the plates: 
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Equipotential

· Equipotentials are lines / surfaces / volumes joining the pts of the same electric V together

· Field lines ( Equipotentials

· Equipotentials of field by a point charge are sperical surface

· Equipotentials btw a pair of charged plates are ( to the plates and parallel

Surface charge density is the charge per unit surface area, i.e. 
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·  is higher on the curved surface than on the flat surface

·  is higher on the curve of smaller radius of curvature

Conductors

· Inside a conductor, E = 0

· Surface of a conductor is an equipotential

· V inside a conductor = V on conductor surface = Constant

Charge distribution on a conductor can easily affected by another conductor

· Electric induction

· 
The E-field established by a charge inside the cavity of a hollow conductor is unaffected by the

E-field outside

· Electrostatic shielding

· Spherical conductors can be used to store charge

· Conductors of small radius of curvature can produce very large E-field by a low V
· 
If the E-field is too strong in air, e– of air molecules would be pulled away and forms ion-pairs

· Corona discharge

· E-field that causes corona discharge is called the breakdown field strength, Eb
Current Electricity

Current is the rate of flow of charge at a particular cross section, i.e. 
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Drift velocity:

· Free electrons inside a conductor moves randomly as a result of possessing thermal energy

· Electrons moves in a zig-zag path

· Resultantly, no net displacement and no net KE lost/gain

· No net current

· When electric p.d. applied, electrons are accelerated against the E-field, then still in random motion

· e– gain velocity & KE

· Electrons attain a steady average drift velocity towards the high V region

Charge & Current

· n electrons per unit volume

· Drift velocity = v
· Cross-sectional area of charge flow = A
· Total charge pass thou’ a plane P in time t:  Q = nAvet

where e = Charge of an e–
· Current: 
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· Current density
: 
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Voltage & Power

· Electromotive force: Energy transferred to a unit charge passing thou’ a source

· 
[image: image18.wmf]Q

E

=

x


· Unit: V, JC–1
Potential difference btw two pts in a circuit is the amt of electrical energy changed to other form of energy when a unit charge passed from one pt to another pt along the circuit

· 
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· Unit: V, JC–1
· Power generated by a source: P = I
· Power disspated btw to pts of the circuit: P = IV
Resistance

· Resistance express the reluctance of circuit element to allow charge to press thou’

· Ohm’s Law: V ( I
· V = R I

· Energy is given up to the ions when e– collides with metal ions in metallic lattice

· e– loss KE, ions gain KE

· Power of heating effect: 
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A conductor’s resistance R is directly proportional to its length  and inversely proportional to its cross-sectional area A
· 
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·  = Resistivity, unit: m

· Resistance of a material changes as temperature

· R = R0 (1+)

: 
Temperature in oC








R0: 
Resistance in 0 oC

·  = Temperature coefficient, unit: oC–1
·   0 
( 
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·   0 
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Voltage & Current

· Circuits in series, the current is a constant

· In series, 
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· Circuits in parallel, the voltage is constant

· In parallel, 
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· Kirchhoff’s First Law: Algebric sum of current at a junction of a circuit is 0.

· Kirchhoff’s Second Law: The potential difference in a closed loop is 0.

Efficiency
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In a circuit with a load R and a power source  with internal resistance r, the maximum current is:

[image: image27.wmf]r

I

x

=




when R = 0

· P.d. across R :
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· Power delivered to R :
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· Efficiency: 
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· Maximum PR is 
[image: image31.wmf]R

4

2

x

 when R = r
[image: image194.wmf]R

r

Power Source

Maximum PR
 (
 = 50%

Measuring Devices

Wheatstone Bridge:

· Null deflection in galvonometer 
( 
VAB = 0

· 
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· The resistance of one resistor can be calculated when other 3 are known
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Meter Bridge:

· Consists of a resistance wire and a jockey

The resistance wire usually use a uniform resistance for convenience reason

· When the bridge is balanced:

· Galvanometer’s reading = 0
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Internal resistance:
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· 
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for some constant k
· 
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Voltmeter & Ammeter:

· In a circuit with a load of high resistance:

· Circuit: 
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· VR + VA ( VR  as VA is negligible.

· Nominal resistance 
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· Nominal R  Actual R
· If the load is of low resistance, VA is comparable with VR
· In a circuit with a load of low resistance:

· Circuit: 
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· IV + IR ( IR  as IV is negligible.

· Nominal resistance 
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· Nominal R  Actual R
If the load is of high resistance, IV is comparable with IR
Capacitors

Capacitor is a device of two conductors separated by a dielectric for storing charges

Charging & Discharging:

· When a capacitor is connected to a battery,

· Negative charges are pushed out of negative terminal

· Positive terminal draws in negative charges

· Negative plate of cap bears charges –Q
Positive plate of cap bears charges +Q
· Total charges of the capacitor = 0

· Flow of charges from battery to capacitor continues until p.d. btw two plates = E.M.F. of battery
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Current of charging:
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· Q on the plate ( V across plates

· Q = C V

for some proportionality constant C
· C = Capacitance
· Unit: Farad (F), CV–1
· When the terminals of the capacitor are shorted,

· Electrons flows from negative plate to positive plate via external circuit

· Opposite charges are neutralized

· Eventually, p.d. btw plates: V = 0

· Current of discharging:
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Leaking

· When cap. is connected to ext. element while charging, some charge will leak thou’ that element

· [image: image199.wmf]Q
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When charging voltage exceed the max. voltage, leaking also occur

· Leaking capacitor = A cap. w/a resistor connected parallel with it

Reed switch

· [image: image200.wmf]Q
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Normal charging

Charge w/leaking

N, F are fixed;  K is movable

· F, K are made of ferromagnetic material;  N is non-ferromagnetic

· N is closed normally;  K is opened normally

· If there is no current thou’ the coil, N, K are in contact

· If a large-enough current passing thou’ the coil, F, K are in contact
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Measuring capacitance

· E.M.F. of the DC power source = V
Discharging current = I
Frequency of the AC source = f
Resistance of the rheostat = R
Capacitance of capacitor = C
· Adjusting suitable R, C can be charged and discharged completely in one cycle

· Average discharging current: I = f Q = f C V
· Capacitance 
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Parallel plate capacitor:

· Parallel plate capacitor consists of two parallel metal plates w/vacuum or air as dielectric

· [image: image204.wmf]V
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Small polythene spacer could be used to separate the plates

· Capacitance 
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· A = Area of the plate

d = Separation between the plates

· Experimentally, C0  C, i.e. C0 = C + CS
· CS = Stray capacitance

· The connecting wires form extra capacitors

· Each plate of the capacitor forms another cap. w/earth and other conductor

Energy

A cap. w/capacitance C and charges Q, voltage across the cap.: 
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· Work done to put extra charge Q onto the cap: 
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· Energy stored in the capacitor w/charge Q, capacitance C is: 
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· 
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· Total energy supplied by the battery = CV 2
Energy dissipated = 
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· Independent of resistance of the circuit

· Energy stored = 
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Discharging through Resistor

· VC = VR
· [image: image206.wmf]C
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· Rate of discharge ( Charge remain in C
· 
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where: Initial charge in capacitor = Q0
· [image: image207.wmf]Q
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Exponential decay

By defining the Time Constant 
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· Initial discharging rate: 
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· Q in capacitor decreases exponentially

· At half-life, charges in cap. = 
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· Half life: t1/2 = RC ln 2

· Voltage across C: 
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· Discharging current: 
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· V across the cap. and I of discharging also undergo exponential decay
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Charging through Resistor

· [image: image209.wmf]R
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VC + VR = V
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[image: image63.wmf]RC

t

e

Q

Q

-

µ

-

0



where: Initial charge in capacitor = Q0
· 
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· Initial discharging rate: 
[image: image65.wmf]RC

Q

dt

dQ

0

=


· [image: image210.wmf]Q
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Half charged cap. : 
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· Time to being half charged: t1/2 = RC ln 2

· Voltage across C: 
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· Voltage across R: 
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· Current in circuit: 
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· A capacitor can be charged up at a constant rate by using a rheostat to adjust the resistance during charging

Capacitive network:

· Connected in Parallel:

· Caps in parallel = Caps w/conductors of larger area

· Total capacitance = C
· Charges in network = Q
· All caps have the same voltage, but those with larger capacitance bear more charges

· Plates joined together have the same polarity of charge

· Connected in Series:

Caps in series = Caps sharing the charges = Caps sharing the voltage across

· Overall voltage = V
· Overall capacitance = 
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· When caps connected in series, the charge Q in each capacitor / plate is the same

· The charges stored in the series is equal to that stored in one cap

Plates joined together have equal but opposite charges

· Larger cap have lower voltage

· If two capacitors in series are connected to a battery:

· Circuit: 
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· Voltage are shared: 
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· 
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· If two capacitors forms a loop:

· Circuit: 
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· Charges are shared: C ( Q
· 
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· Before sharing: Total energy 
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· After sharing: 
[image: image78.wmf](

)

2

2

1

2

1

V

C

C

E

+

=


· Energy dissipated = E0 – E
Magnetism

Magnetic field is a region of space in which a magnetic force exists

· Field lines represent the strength & direction of a magnetic field

· Field lines form loops, starting from N-pole and end at S-pole

Neutral point is a point where the resultant magnetic field = 0

Magnetic flux

Force F on a conductor magnetic field ( Current I in it and length   to the field

· [image: image211.wmf]V
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· B = Field strength

· If the conductor // field, force = 0

· Field strength = Magnetic induction

· Unit: Tesla, T, NA–1m–1
· [image: image212.wmf]B
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Flux is the amount of field across an area perpendicular to B
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·  unit: Weber (Wb), NmA–1
Magnetic flux density is the force acting per unit length per unit current on a current-carrying conductor perpendicular to the field lines.  It indicates the strength of a effective magnetic field.
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Turning Effect:

· When a coil in a B-field:

· Force on PQ: 
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· Force on SR: 
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Torque  = Fd = IabB = IAB


where: A = ab = The area of the coil

· If the coil’s normal makes an angle  with B-field,


 = IAB sin
If the coil has N turns,  = BIAN sin
· When 
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: Plane // B-field,  attains maximum ( = BIAN)

· When  = 0: Plane  B-field,  attains minimum ( = 0)

Galvanometer:

· A rectangular copper wire coil is wound on a soft iron core

The coil is in radial magnetic field

· [image: image215.wmf]B
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The B-field strength is constant when the coil turns

· Deflection angle  ( Current I
· The coil is restrained in its rotation by a hair spring

· A restoring moment c is provided

· At equilibrium, 
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Current sensitivity
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· If the galvanometer is used as a millivoltmeter, voltage sensitivity 
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· R = Resistance of the coil

· The sensitivity can be increased by:

· Stronger magnet and narrower air gap (for a stronger B-field)

· Use a coil with larger area (inc. A)

· Use a coil of more turns (inc. N)

· Weaker hair spring (dec. c)

[image: image216.wmf]N
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Charged particles:

· A particle with charge q moving at velocity v in B-field

· Force acting on it: 
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As F  V, no work is done

· If V  B, F may act as a centripetal force

· [image: image217.wmf]B
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· Period 
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· If V makes an angle  with B, the path is helical

· The superposition of circular motion and linear motion

· Circular motion: Tangential velocity vc = v sin
· Linear motion: Velocity v = v cos
Comparison of Elect. F & Mag. F on charged particles:

	Elect. F on charged particle
	Mag. F on charged particle

	Force // Field
	Force  Field

	F is independent of v
	F ( v

	Work done ( 0
	Work done = 0


[image: image218.wmf]Helical path

Velocity Selector:

· E field  B field

· When a charged particle w/velocity v goes into velocity selector, B-force opposite to E-force

· If 
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Hall effect

A current passing thou’ a conductor in +y direction and a B-field in –x direction

· A force occur in +z direction

· The charge-carrier drift to the top surface due to the force whatever its +ve or –ve

· The charge that the carrier bears accumulates on one edge and the opposite charge accumulate on the other edge

· Potential difference set-up

· [image: image219.wmf]Ä
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Electric field set-up

· Electric force by E-field is opposite to magnetic force by B-field

· Before the equilibrium of E- and B-forces, the charges continue accumulating

· The equilibrium reached, E-force = B-force

· Current flows straightly w/o deflection to +y direction

· At equilibrium,  qE = qvB
· Hall voltage = Voltage btw the edges in equilibrium

· qE = qvB  (  E = vB  (  VHall = Ed = Bvd
· 
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· n = Number density of charge carrier
t = Thickness of conductor

· For constant I, 
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·  = Current density = 
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d = Height of conductor

· For constant , V ( d
· Hall probe: A device used for measuring and comparing the direction and magnitude of a magnetic field

Consists of :
A slice of doped semi-conductor
 




A potentiometer to set zero for B-field = 0
 




Millivoltmeter to detect VHall
· After calibration, B:V ratio is known

· 
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where B = B-field strength

· 
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· The millivoltmeter should have very high resistance

· The balancing potentiometer is used to make x, y in exactly opposite

Search coil

· A coil with N turns enclosing an area A
· Measures the peak value of an alternating magnetic field

· If the coil is in an alternating B-field, induced e.m.f. set-up

· 
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where V0 = Peak voltage;
 = Ang. freq. of alt. B-field

· V0 = NAB0, B0 ( V0

where B0 = Peak B-field strength

· B0 is read by connecting to a CRO

· Sensitivity is increased in a high frequency
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Field strength

· Long wire:

· Flux lines from concentric circles

If the wire is infinitely long, B field strength at any point: 
[image: image99.wmf]r
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· r = Distance from the wire;
0 = Permeability of free space

· Solenoid:

· If the solenoid consists of n turns, field inside the solenoid: B = 0nI
· Circular coil:

Field at center of the coil: 
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· Field in coil: Follows right hand grip rule 

· Field outside the coil: Opposite direction
Electromagnetic induction

Flux:

· Flux of a coil of area A perpendicular to B field:   = BA
· If the coil consists of N turns, flux linkage = N = NBA
Faraday’s Law:
· When a conductor is under a B-field and its flux linkage is changing, a EMF is induced in it

· Faraday’s law: 
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Lenz’s law: An induced current flows in such a direction as to opposite the change of flux which causes the current to flow in the first place.

[image: image221.wmf]Induced EMF:

· Straight conductor:

· Conductor with length , moving at velocity v perpendicular to B
· 
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· Spinning disc:

A circular disc of radius r, rotating at angular frequency 2f perpendicular to B-field

·  = r2fB
· Flow of current: Center (Neg. pole)  Rim (Pos. pole) External circuit  Center

· [image: image222.wmf]B

A

Rotating coil

· A coil of area A with N turns under B field

· Rotating with angular frequency  about an axis  to B-field

·  = BANsin t
·  =  0sin t

where 
 0 = BAN
AC generator:

· A rectangular coil with area A of N turns rotating at angular velocity  in B-field

· [image: image223.wmf]B
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w

 = BA cos
·  = t
· 
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·  =  0sint 
where   0 = BAN
· When  = 0,
 = 0
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When 
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· DC generator produces fluctuating DC

· Spinning disc can give a steady DC

Back EMF

· A current applied to a motor, coil turns

· Coil turns in B-field, back EMF  set-up

·  against V
· Power input:
Pin = VI


Power output:
Pout = I
Power loss
:
Ploss = I 2R
· Energy dissipated in coil resistance

· V =  + IR
· Torque in coil: 
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· Pout =  = NBAI
·  = NBA
· Maximum power output: 
[image: image107.wmf]R

V

P

4

2

max

=


· Max. power output attains when 
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Eddy current:
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Switching On

If magnetic flux thou’ a conductor / a part of conductor changes, current may circulating throughout any loop of the conductor

· Eddy current

· Eddy current is in the direction follows the Lenz’s law

· I may be very large as R is very small

· Eddy current causes heating effect on material

· A sample can be heated by rapidly changing B-field

· The changing B-field can be produced by a high frequency AC

· Applied for cases that is impossible to make thermal contact (e.g. in vacuum)

· Example of application: Induction heater

Transformer

· Using 1° and 2° coils wound on a laminated soft iron core

· AC in 1° coil  Changing flux EMF in 2° coil

· Mutual induction

· Ideal transformer:

· 1° coil: Supplied voltage = VP;  No. of turn = NP
2° coil: Output voltage = VS;  No. of turn = NS
· Back EMF: 
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·  is identical on both coils

· EMF in 2° coil: 
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· Output voltage = S = VS
· 
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· Voltage ratio = Turns ratio

· 2° current is small

· Flux leakage = 0

· 1° resistance and current are small

Practically, resistance rP & rS exists in 1° & 2° coils

· VP = P + IP rP

VS = S + IS rS
Inductor

· [image: image226.wmf]w
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DC Generator

Current changing in inductor

· Back EMF

· 
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· Self-inductance: 
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· L always positive

· Unit: Henry (H), VA–1s, WbA–1
A measure of opposition to a changing current

· 
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· A solenoid of air core with length , 
[image: image115.wmf]l
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turns per unit length, cross-sectional area A
· L = 0n2A
· L depends on:
(
Dimension of coil

· Number of turns

· Permeability of core material
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Switching Off

L-R circuit:

· Battery EMF + Back EMF = Voltage across R
· 
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· t = 0,  I = 0,  
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· [image: image228.wmf]
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· After switching on the circuit, 
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· Time constant 
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After switching off the circuit, 
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· Energy is stored in the B-field thou’ the coil

· 
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Comparison of Inductor & Capacitor:

	Inductor
	Capacitor

	Stores energy in B-field
	Stores energy in E-field

	Energy: 
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	Energy:
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	Time constant: 
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	Time constant:  = CR


Alternating Current

Alternating current:

· Current: I = I0sin t

where I0 = Peak current;  = Angular frequency

· Root-mean-square value: 
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· Mean power consumption: ‹P› = Vrms Irms cos

where  = Phase difference btw V & I
[image: image230.wmf]If V & I are completely out of phase, no power is consumed

· The power below 0 is returned to the power supply

· Freq. of power variation = 2 Freq. of current variation

· For any phase difference, ‹P›
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Single component circuit:

[image: image231.wmf]t
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R circuit (Resistive circuit)

· Power: ‹P›
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· Phasor diagram: 
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· V, I in phase

· C circuit (Capacitive circuit)

· Power consumption = 0

· [image: image232.wmf]Reactance: 
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· Unit: Ohm ()

· Phasor diagram: 
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· I leads V by 90°

· L circuit (Inductive circuit)

· [image: image233.wmf]Power consumption = 0

· Reactance: 
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· Phasor diagram: 
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· V leads I by 90°

· CIVIL – C: I leads V; L: V leads I
In capacitive circuit, I ( ;
in inductive circuit, 
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· In capacitive circuit, 
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in inductive circuit, 
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Two component circuit:

· RC circuit

· V0 =
Peak voltage supplied by the AC source
VR0 =
Peak voltage across the resistor
VC0 =
Peak voltage across the capacitor

[image: image234.wmf]I leads V by ,

where 
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· Impedance: 
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· V0 = I0 Z
· Power consumption: ‹P›
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· The value, cos , is called the Power factor
· Phasor diagram: 
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· LR circuit

[image: image235.wmf]V leads I by ,

where 
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· Impedance: 
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· Power consumption: ‹P›
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· Phasor diagram: 
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· [image: image236.wmf]LC circuit (LC oscillator)

· Charged cap Current thou’ L
· Back EMF by L  Charging C
· Oscillation on the flow of current

· Charge on C:
Q = Q0 cos(t + )
Current on circuit:
I = Q0 sin(t + )

· Frequency of oscillation: 
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· Energy in C: 
[image: image149.wmf])

(

cos

2

1

2

1

2

2

0

2

θ

t

Q

C

C

Q

U

C

+

w

=

=


Energy in L: 
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· Total energy in the circuit: 
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· Phasor diagram: 
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Filter:

· Used in AC circuits to modify the characteristics of time-varying signals

· [image: image237.wmf]Low-pass filter

High-pass filter

In a RC circuit:

· 
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· For low freq., most applied voltage appears across the cap
For high freq., most applied voltage appears across the resistor.

· Connecting output across R gets a high-pass filter
;
Connecting output across C gets a low-pass filter

· In a LR circuit:

· [image: image238.wmf]VL0 = IXL = IL,

· For low frequencies, most applied voltage appears across the resistor
For high freq., most applied voltage appears across the inductor

· Connecting output across L gets a high-pass filter;
Connecting output across R gets a low-pass filter

[image: image239.wmf]Low-pass filter

High-pass filter


· In a LC circuit

· For low freq., most applied voltage appears across the capacitor;
For high freq., most applied voltage appears across the inductor

· Connecting output across L gets a high-pass filter;
Connecting output across C gets a low-pass filter

· [image: image240.wmf]Low-pass filter

High-pass filter

In loudspeaker, woofer is connected to the low-pass filter;
and the tweeter is connected to the high-pass filter

RLC circuit:

· [image: image241.wmf]Woofer

Tweeter

Impedance 
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· V0 = I0Z; 
V02 = VR2 + (VL – VC)2
· Average power: ‹P›
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· 
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· [image: image242.wmf]If XC = XL, then VC = VL
· V0 by AC source is in phase with I0
· Z = R = minimum

· 
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· Electrical resonance attains when XC = XL,

· 
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Phasor diagram: 
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· Phase difference  satisfies
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·  approaches toward 
[image: image163.wmf]2
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 as the frequency increases to infinity

Rectification:

· Diode: Conducts current only in forward bias

· Half-wave rectification:

· Circuit: 
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RMS output voltage: 
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· Waveform: 
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· Full-wave rectification:

· Circuits:

· Bridge full-wave rectifier: 
[image: image167.wmf]DC
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· Center-tap full-wave rectifier: 
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· RMS output voltage: 
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· Waveform: 
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· Peak voltage of rectified DC < Peak voltage of rectified AC

· Smoothing circuits

· Smoothing circuit: 
[image: image171.wmf]DC
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· Current inc.
  C charged up

· Current dec.
  C discharged

· Smoothed the decrease of I in output

· The capacitor is called the “reservoir capacitor” or “storage capacitor”

· Waveform of the smoothed DC: 
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· The smoothed current are with ripples

The ripples can be regarded as the superposition of a DC and an AC

· 
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· DC can be regarded as an AC with  ( 0

· For AC, XL = L is larger

· Filter across L = AC component of the smoothed DC

· For DC, XC
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 is larger

· Filter across C = DC component of the smoothed DC

· The capacitor is called the “filter capacitor”

· Filtering circuit: 
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Electronics

Semiconductors:

· Semiconductors
 has a resistivity btw a conductor and insulator

· Conducts current a little bit

· Silicon has a giant covalent structure

· If a certain amt of energy is supplied to the covalent bond, it breaks

· The sharing electrons is then detached and able to move about

· [image: image245.wmf]B
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In higher temperature, more bonds breaks due to thermal motion

· Resistivity dec. as temperature inc.

· Very pure semiconductors: Intrinsic semiconductors

· If some Gp.V element like phosphorus is added to semiconductor as impurity,

· Fifth outer e– of the impurity is quite free to move about

· The free negative e– can be a charge carrier for conducting

· n-type semiconductors

· [image: image246.wmf]V
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If some Gp.III element like boron is added to semiconductor as impurity,

· The lack of the fourth outer e– makes a mobile ‘hole’ in the bonding

· The hole is the lack of a negatively charged electron, it may be regarded as a positive hole

· p-type semiconductors

· When a n-type and a p-type semiconductors are connected, a p-n junction is formed

· If p-type is at higher potential than n-type

· The positive holes will move across the p-n junction to the n-type region

· The negative electrons will move across the p-n junction to p-type region

· The junction conducts, i.e. in forward bias
· If n-type is at higher potential than p-type

· The positive holes will move away from the p-n junction and crowded at the p-type region

· The negative e– will move away from the p-n junction and crowded at the n-type region

· Nothing moves across the junction

· The junction does not conducts, i.e. in reversed bias
· Since current flows only in one direction, it forms a semiconductor diode
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Diode:

· Ideal diode:

· In forward bias, current thou’ it can be arbitrarily large and p.d. across is negligibly small

· P.d. across diode in forward bias Vf , is called forward voltage
· In reversed bias, current I = 0 for any negative p.d. across diode

· Practically,

No current flows across the diode if p.d. across  0.6V

· When p.d. is 0.6V – 0.8V, the current thou’ increases rapidly

· Max. p.d. across the diode = 0.8V, even for a large current

· If the diode is in reversed bias, there is a small leakage current of 10–8A

In extreme negative p.d., the diode will conduct

· That p.d. is called breakdown voltage
· When breakdown, power consumption in diode is very large and it will burn up
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Transistor (n-p-n):

· Consists of Base, Collector and Emitter

· Collector, emitter: N-type semiconductor

· Base: P-type semiconductor

If VBE  0.5V, the transistor conducts no I
· If VBE  0.5V, the transistor is conducting

· IB increases rapidly from 0.5V onwards

· VBE stays constant at 0.7V even IB has further increase

· Resistance across BE is of the order of k
· [image: image249.wmf]I
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If VCE is fixed, IB ( IC
· IC = IB
· Current amplification factor
: 
[image: image176.wmf]B

C

B

C

I

I

I

I

D

D

=

=

b


·  is constant for a particular transistor

· IB & IC are in proportion only if IB is not too large

· IE = IC + IB ( IC
(as IB 
[image: image177.wmf] IC)

In practice, a resistor RB is connected to the base

· Limits the base current IB and prevent damage to the transistor

· Enlarge the adjustment for a current change in potentiometer

· Keeps the collector current IC below its maximum allowed current

[image: image250.wmf]Linear region
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Saturation

Cut-off State

Saturation

· If a load resistor RL is connected in series with collector,

For small IB, IC = IB
· When IB exceed a limit, IC saturates and no longer increases

· When saturation occurs, VCE ( 0

· IC ( Max. IC = 
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IB when saturation starts = 
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Input-Output Voltage Characteristic

Input voltage: Vin = IBRB + VBE
· Output voltage: Vout = VCE = Supplied V – ICRL
· Cut-off state:

· When VBE  0.5V,  IB = 0 and IC = 0

· (Vin  0.5V,
IC = 0,
Vout = Supplied voltage

· Saturation:

· When Vin exceed a certain value, IB is large enough to make the collector saturates

During saturation, Vout ( 0
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Linear region
:

· Before saturation and above 0.7V, IC = IB
· Vin varies linearly with Vout
· 
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· Voltage gain: 
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· Application:

· Linear region: Linear voltage amplifier

Cut-off & Saturation: Digital circuit / Logic gates

Operational Amplifier:
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I/O characteristics of

feedback amplifier

An analog IC w/8 pins, only five are often used

· A power source is required:

· Applied positive voltage:
+VS = +15V

· Applied negative voltage:
–VS = –15V

· Possess two input (V+, V–) and one output (Vout)

It has a high input impedance of about 2 M
· draws only a very small current from the input

· It has a low output impedance of about 70-100 
· large output power can be obtained

· It has a high slew rate
 of 106 - 107 Vs–1
· responds quickly to a.c. inputs up to several MHz

· It has a large voltage gain

inputs can be greatly amplified

· Output voltage depends on the difference of input voltages

· Vout ( (V+ – V–)

· Vout = Ao(V+ – V–)

· Ao = Open-loop voltage gain of the op amp, of the order 105
· Linear relationship holds until it saturates when Vout ( VS
· Actually, op amp saturates at Vout ( (13V  &  V+ – V– = (65V

· V– is called the inverting input as Vout = Ao(–V–)
when  V+ = 0

· V+ is called non-inverting input as Vout = Ao(V+)
when  V– = 0

· In open-loop, the use of op amp is limited since the voltage gain:
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Too high s.t. it becomes saturated easily

· Sensitive to temperature changes

· Decreases greatly with input frequency

· Varies a lot for the same code of op amp

Negative feedback:

· Output Vout is fed back to the inverting input V– via a feedback resistor Rf
· Closed-loop mode

· When V+ is earthed, input current Iin = Feedback current If
· Virtually, Iin = If
· [image: image255.wmf]R
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Current flowing into the op amp is negligibly small

· Current across ( 
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m

2M

V

65

 ( 3(10–11A

· The closed-loop set up forms a feedback amplifier

The input voltage Vin and output voltage Vout forms a Z-shaped curve

· Vout is in antiphase with Vin
· P.d. across Rin = IinRin = Vin – V– ( Vin

as V– ( 0 before op amp saturates

· P.d. across Rf = IfRf = V– – Vout ( –Vout
Since Iin ( If as op amp draws negligible current,


Slope of linear region  A 
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· A is called the closed-loop voltage gain
· Rf = Rin, the circuit is an inverter s.t. Vout = –Vin
· Advantages of feedback over open-loop:

· Voltage gain is independent of intrinsic properties of op amp

· Voltage gain is predictable and can be controlled by Rf & Rin
· Voltage gain is more stable to temperature and frequency fluctuations

· A is constant from 0 to 10kHz but Ao will decrease by the factor 10–2
· Linear region is much wider than open-loop circuit

· Several V for feedback whereas 65V for open-loop

Non-inverting input:

· Input voltage connects to the non-inverting input instead of the inverting input

· [image: image256.wmf]+
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Vin = V+
· R & Rf act as a potential divider: 
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· Since Vin = V+ ( V– , 

[image: image185.wmf]R

R

R

V

V

f

+

=

out

in



[image: image186.wmf]÷

÷

ø

ö

ç

ç

è

æ

+

=

R

R

V

V

f

1

in

out


· Multiply the input by a constant factor

· Multiplier circuit

Application of Op Amp:
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Summing amplifier

· Input current: Iin = IA + IB = 
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· Feedback current: If = 
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· ( impedance of op amp is high, Iin = If
· 
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· The circuit multiplies the input voltages by different factors and then adds them

· Summing amplifier

· Connecting the summing amplifier and inverter circuit, a subtractor forms

· Voltage follower

· [image: image258.wmf] 
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In the multiplier circuit, if Rf = 0 or R ( (, Vout = Vin
· Voltage follower circuit

· The input impedance of the op amp is high

· The circuit can be used as a high resistance voltmeter

· Reproduce the input voltage accurately

· Can measure the p.d. across a capacitor w/o let it discharge

· If a load rheostat RL is connected to the output, and the op amp is of input impedance r,

· [image: image259.wmf]+
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(V+ – V–) = Iinr
· Vout = Ao(V+ – V–) = AoIinr
· Vout = IoutRL = AoIinr
· 
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· D.C. amplifier

· If RL is too small, Vout will drop significantly

· Comparator

In open loop configuration, Vout saturates if difference in input voltage  65V

· If V+ and V– is connected to different potential, it will give a saturated output easily

· If V+  V–: Vout is positive

· If V–  V+: Vout is negative

· A digital device that compares the inputs
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� Electric field intensity = Electricity field strength


� Permittivity of free space = Permittivity constant


� Current density = Current per unit cross-sectional area


� Jockey = A sliding contact


� Power loss = Ohmic loss


� High-pass filter: Passes voltage (signals) of higher frequency while low frequencies are filtered (attenuated)


� Example of semiconductor: Silicon, Germanium


� Current amplification factor = Current gain


� Linear region = Amplification range


� Slew rate = The rate at which the output voltage can changed when the input voltages are changed
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