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Recap......

» Types of electricity
e Current Electricity: Net flow of charges in a certain direction
e Static Electricity: No net flow of charges in a certain direction

» Matter can be classified into 3 types according to their electrical
properties:

e Conductors — Materials which have mobile charge carriers, mainly
electrons and ions which will drift to constitute an electric current under
the effect of an applied electric field. Hence they can conduct electricity.
Examples include metals and electrolyte solutions.

* Insulators — Materials which have no mobile charge carriers that can drift
under the effect of an applied electric field. Hence they cannot conduct
electricity. Examples include rubber, wood and plastic.

* Semiconductors — Materials which have intermediate electrical
conductivity which vary substantially with temperature. Examples include
Germanium, Silicon.
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Show an understanding that electric current is the rate
of flow of charged particles.

e All matter is made up of tiny particles‘¢alled atoms,
each consisting of a positively charged nucleus with
negatively charged electrons maving around it.

e Charge is measured in units caiied coulombs (C). The
charge on an electron is -16'x 107"° C.

* Normally atoms have egual number of positive and
negative charges, scitivat their overall charge is zero.

* For some atoms,.it is relatively easy to remove an
electron, leaving an atom with an unbalanced
number of positive charges. This is called positive
on.
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Show an understanding that electric current is the rate of flow
of charged particles. (continued from previous slide)

e Atoms in metals have one or more electrons which
are not held tightly to the nucleus.

* These free (or mobile) electrons wander at random
throughout the metal.

 But when a battery (or source) is connected across
the ends of the metal, the free electrons drift
towards the positive terminal of the battery (or
source) producing an electric current.
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Show an understanding that electric current is the rate of flow
of charged particles. (continued from previous slide)

* The size of the electric current is giveti by the rate of
flow of charge and is measured in Units called
amperes with symbol A.

* A current of 3 amperes mezns that 3 coulombs pass
a point in the circuit everysecond. In 5 seconds, a

total charge of 15 couiémbs will have passed the
point.
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Charge is quantised

Because electric charge is carried by particles, it
must come in amounts which are multiples of e, So, for
example, 3.2 x 10 " C is possible, because this is +2e,
but 2.5x 10" C is impossible, because this is not an
integer multiple of e.

We say that charge is ‘quantised’; this means that it
can only come in amounts which are integer multiples
of the elementary charge, If you are studying chemistry,
yvou will know that ions have charges of te, £2e, etc. The
only exception is in the case of the fundamental particles
called quarks, which are the building blocks from which
particles such as protons and neutrons are made. These
have charges of +1e or +%e, However, quarks always appear
in twos or threes in such a way that their combined charge
is zero or a multiple of e.
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An equation for current

Copper, silver and gold are good conductors of electric
current. There are large numbers of conduction electrons
in a copper wire — as many conduction electrons as there
are atoms. The number of conduction electrons per unit
volume (e.g. in 1 m? of the metal) is called the number
density and has the symbol n. For copper, the value of n is
about 10¥m4,

area A, along which there is a current I. How fast do the
electrons have to travel? The following equation allo&us

to answer this question: (bv

I=nAvq

Here, v is called the mean drift velocity of (W ¢lectrons
and g is the charge of each particle carg§ing the current.
Since these are usually electrons, w replace g by

e, where ¢ is the elementary char ¢ equation then

becomes:

I =nAve
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cross-sectional area A

wire (length 1)

electrons

c tI
F €9.9 Acurrent/inawire of cross-sectional area A, The

Figure 9.9 shows a length of wire, with cross-sectional c;\bharge carriers are mobile conduction electrons with mean

drift velocity v.

Deriving I =nAve

Look at the wire shown in Figure 9.9, Its length is |, We
imagine that all of the electrons shown travel at the same
speed v along the wire.

Now imagine that you are timing the electrons to
determine their speed. You start timing when the first
electron emerges from the right-hand end of the wire. You
stop timing when the last of the electrons shown in the
diagram emerges. (‘This is the electron shown at the lefi-
hand end of the wire in the diagram.) Your timer shows
that this electron has taken time f to travel the distance .
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In the time ¢, all of the electrons in the length [ of wire
have emerged from the wire. We can calculate how many
clectrons this is, and hence the charge that has flowed in
time ¢:

number of electrons = number density x volume of wire
=nxAxl
charge of electrons = number x electron charge
=nxAxlxe

We can find the current I because we know that this is the
charge that flows in time t, and current = charge/time:

I=nxAxIxe/t
Substituting v for I / t gives

[ =nAve
The moving charge carriers that make up a current are
not always electrons. They might, for example, be ions
(positive or negative) whose charge g is a multiple of e.

Hence we can write a more general version of the equation
as

I=nAvq
Worked example 3 shows how to use this equation to
calculate a typical value of v.
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WORKED EXAMPLE

3 Calculate the mean drift velocity of the electronsin
a copper wire of cross-sectional area 5.0 10 °m?
carrying a current of 1.0A. The electron number
density for copper is 8.5% 10%m™,

Step 1 Rearrange the equation I = nAve to make v

the subject:
e s Ih
nAe

Step 2 Substitute values and calculate v:

- 1.0
8.5x10**x50x10%x 1.6 x 10"

=147%10"%ms™

=0.015 mms™*

v
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Slow flow

It may surprise you to find that, as suggested by the result
of Worked example 3, electrons in a copper wire drift at

a fraction of a millimetre per second. To understand this
result fully, we need to closely examine how electrons
behave in a metal. The conduction electrons are free

to move around inside the metal. When the wire is
connected to a battery or an external power supply, each
electron within the metal experiences an electrical force

battery. The electrons randomly collide with the fixe

but vibrating metal ions. Their journey along the

is very haphazard. The actual velocity of an elect

between collisions is of the order of magnit "ms’,
but its haphazard journey causes it to haye a\drift velocity
towards the positive end of the batter e there are
billions of electrons, we use the ter an drift velocity v
of the electrons.
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Figure 9.10 s how the mean drift velocity of
clectrons vari ifferent situations. We can understand

this using @ uation:
I

v —
@ne
&he current increases, the drift velocity v must increase.
hatis:
veel
m |fthe wire is thinner, the electrons move more quicklyfor a
given current. That is:

Vee =

A
There are fewer electrons in a thinner piece of wire, so an
individual electron must travel more quickly.

® Inamaterial with a lower density of electrons {smaller n),
the mean drift velocity must be greater for a given current.
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Thatis:
1

Ve —
n

~_ double the current,
double the speed 7

21 2y ‘

half the area,
double the speed

smaller electron number
density, increased speed

Figure 9.10 The mean drift velocity of electrons depends on

the current, the cross-sectional area and the electron density

of the material.
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It may help you to picture how the drift velocity of
electrons changes by thinking about the flow of water in

a river. For a high rate of flow, the water moves fast - this
corresponds to a greater current I. If the course of the river
narrows, it speeds up - this corresponds to a smaller cross-
sectional area A.

Metals have a high electron number density - typically
of the order of 10 or 10**m *. Semiconductors, such as
silicon and germanium, have much lower values of n -
perhaps 102 m . In a semiconductor, electron mean drift
velocities are typically a million times greater than those
in metals for the same current. Electrical insulators, such
as rubber and plastic, have very few conduction electrons
per unit volume to act as charge carriers.

Page 10 of 37



nmob:—+92 323 509 4443, emait: negalecture@nail.com

Electric current

* Electric current is the rate of flowrof electric
charge.

* Mathematically, | = % where
| is the electric currentdunit: ampere, symbol:
A),
Q is the electric ¢farge (unit: coulomb,
symbol: C);
t is the time taken (unit: second, symbol: s)
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Charge & Coulomb

* From the definition of electric current I=9 we obtain,
Q-=It t
* Electric charge flowing through a section of a circuit is

the product of the electric current and the time that it
flows.

» Q = It, substituting in units we obtain the following :
»1C=(1A)(1s)=1As

» One coulomb is the quantity of electric charge that
passes through a section of a circuit when a steady
current of one ampere flows for one second.
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Solve problems using thé eq

Example 1

Given that the electric current flowing through a circuiis 0.76 mA, calculate the
electric charae which passes each section of the circuit over a time of 60 s.

Solution:

[Q=1t]
Q=(0.76x1072)(60) = 0.0456.5 4 56 x 1072 C
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Solve problems using thé eq

Example 2

Over a time of 8.0 s, the electric current flowing through a circuit component is
reduced uniformly from 60 mA to 20 mA. Calculate the charge that flows during

this time. N

I/ mA

Solution:

Charge = area under current-time graph
= %(B.D}{Bﬂ +20)(1073%)=0.32C
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Resistance and Ohm

Ohm's Law states that the current through the conductor is directly
proportional to the potential difference between its"ends provided its
temperature and other physical conditions remain*constant.

Mathematically

[V == V=Rl == E’z%

The proportionality constant R in the e@uation is the electrical resistance of
the device. It is constant for a metallic<Conductor under steady physical
conditions. Materials which obey @tm’s law are called ohmic conductors.

Resistance of a conductorjs gefined as the ratio of the potential difference
across it to the current flowing throuah it.

From R =%, 10 ="tV A defines the ohm.

The ohm is the resistance of a conductor if a current of one ampere flows
through when there is a potential difference of one volt across it.
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P=VI P=1I°R, V=IR

Example 5

A 12V 24 W bulb is connected in series with a variable resistor and a 18 V

battery of negligible internal resistance. The variable resistor is adjusted until the
bulb operates at its normal rating.

Determine
(i) the current in the bulb
(ii) the resistance of the bulb
(iii)  the p.d. across the variable resistor:
(iv)  the power dissipation in the variable resistor.

Solution:
(i) P =V
24 = (12)/
[=20A
(i) V=IR
12 =(2.0)R
R=600

(1) p.d. across vanable resistor =18 -12=60V
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Resistance-&: Resistivity

The resistance R of a sample is directly proportional to its length / and
Inversely proportional to its cross-sectional area A.

R,—;.;i
A

The relationship could be expressed as an algebraic egQation by introducing
a constant of proportionality as follows:
R - £l
A
The constant p is now recognised as a property of the matenal and is called
its resistivity. Hence

where p is the resistivity of the paatarial, in 2 m
R Is the resistance of i Sample, in ohms (Q)
A 15 the cross-section, area of the sample, Inm
[ is the length of thdsample, in metres (m)

2

Resistivity is useful when comparing various materials on their ability to
conduct electricity. A high resistivity means a sample of the matenial is a poor
conductor. A low resistivity means a sample of the material is a good

conductor.
wwaLyout ube. conl negal ecture
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Resistivity

Resistivity is defined as the electrical property
of a material that determines the resistance of
a piece of given dimensions.

RA
It is equal to p ="~ where Ris the

resistance, A the cross-sectional area,
and / the length, and is the reciprocal of
conductivity. It is measured in ohm
metres. It is denoted by the symbol p.
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Solve problems using R =

oL
A

Example 6

The resistivity of a material is 3.1 x 10° Q m.Determine the resistance of a
sample of the material given that its length is 20¢m and its cross-section area is

2.0 mm?Z.
Solution:

ol (3.1x107°)(0.20)

A (2.0)(0.001)°
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Potentlal dlfference and VoIt

* Defining p.d in terms of energy:

» The potential difference between two points in a
circuit is defined as the electrical energy
converted to other forms of energy per unit
charge passing between the two points.

* Alternatively, defining p.d in terms of power:

» The p.d. between two points in a circuit is defined
as the rate of conversion of electrical energy to
other forms of energy per unit current flowing
between the two points.

wWwWw, yout ube. coni negal ecture page 20 of 37



erence and Volt (continued)

Potential diff

In terms of energy:
energy converted

charge

potential difference (p.d.) =

hence V:% or W=QV.

In terms of power:
' i ower converted
potential difference (p.d.) = ©
clurrent

(D

hence We=_— or P=VI .

where Vs the p.d., in velts{)/)
W is the energyeonverted, in joules (J)
(2 1s the electtic charge moved, in coulombs (C)
P 15 the paWwel converted, in watts (W)
15 the sjattric current flowing, in amperes (A)

Since V = IR from learmning outcome (h), P =I°R .

From V =— 1V =1J C" defines the volt (in terms of eneray).
WAL vvouut uboe oo noaal ot Liro
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Potential diff

The volt is the potential difference between two points in a circuit if one joule
of electrical energy is converted to other forms of energy when one coulomb

of charge passes between the two points.
Alternatively, from P =VI, 1V =1 W A" defines the volt (in terms of power).
The volt is the potential difference between two points in a circuit if one watt

of electrical power Is converted to other forms of power when one ampere of
current passes between the two points.
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Potential difference and Volt (continued)

Note:

+ Since the unit for p.d. is volt, p.d. is frequently calledvbltage.

+ The p.d. can only be used if the two points are stated clearly. For a single circuit
component, the two points are usually the twe ends of the component hence
the p.d. across the component.

+ Sometimes the term “potential at a point_in a circuit is used. This has meaning
only if there is a defined reference point for zero potential e.g. the electrical
earth has zero potential.

Just for your info : The real Earth is electrically neutral.
This means that it has the same number of electrons and
protons, so their charges cancel out overall. Scientifically,
we describe this by saying that the Earth has an Electric
Potential of zero.
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Solve problems using V = —

Example 4

An immersion heater is rated at 3000 W and is switched on for 2000 s. During
this time a charge of 25 kC is supplied to the heater. Determine the potential

difference across the heater.

Solution:

W (3000)(2000)
Q25000

240V
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Sketch and explain
the I-V characteristics

of
a metallic conductor at constant temperature,
a semiconduoctor diode
and
a fitarnent lamp.
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Sketch and &Xplain thie RV €htrdeteristies 8§ o' AtetallicConductor at
constant temperature

1) Metallic conductor at constant temperature

Metallic conductor (at constant temperature
1 /A

« [he -V charactenstic of a metallic conductor at constant
temperature is a straight line through the origin. This implies
constant /-V ratio, 1.e. constant resistance. Therefore a metallic
conductor at constant temperature is an chmic conductor.

e |nterms of the movement of charge carriers, resistance in metallic
conductors arises from the reduction in the drft velocity of free
electrons due to collision with lattice ions. If the temperature of the
conductor is kept constant, the lattice ion vibrations will remain the
same hence its resistance will remain the constant.

In short, the resistance of a metallic conductor is constant at

vww yoErtrebes comtnegal ect ur e Page 26 of 37
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Sketch and explain the I-V characteristics of a semiconductor diode

2) Semiconductor diode

TevErse
biased

breal
doswn

« A diode Is a device that has a low resistance in one direction
(forward-big==ed direction) and a very high resistance in the other
directionreverse-biased direction).

o The /-Vcharacteristic of a forward-biased semiconductor diode is
similar to that of a thermistor, 1.e. resistance decreases as p.d.
Increases.

» The |-V characteristic of a reverse-biased semiconductor diode is
nearly,f Zero. If reverse- hmsed p.d. is too high, the diode will break
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Constant resistance.~
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Sketch and explain the I-V characteristics of a filament lamp.

Filament lamp

4
‘xlncreasing resistance
due to increasing
temparature
@ v
»

A filament lamp contains a long thin wire made of metal with high
melting point (e.g9. tungsten).

With low p.d. across the filament lamp, low current flowing
through it and the heating effect is insignificant hence the
resistance is fairly constant.

As the p.d. across a filament lamp Increases. current increases.
Heating effect is significant resulting in temperature increase.
The resistance of metals increases with temperature. Hence,
decreasing /-V gradient.

In terms of the movement of charge carriers, the lattice ion
vibrations will be more at higher temperature. There will be more

reduction in the drift velocity of electrons due to collision with
Iattin:e lons hence current will be lower and resistance will be

applied XQEH*'SH@@ gomiiregakec tsie et

ss It INncreases.
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The temperature characteristic of a thermistor

1A

Thermistor -V characteristic and temperature characteristic

resistance(f)

\

A

W 3
S50k

h 10% ! \ temperature(=C)
al

V 0 20 30 40 50 60 70 &0

A thermistor 1s a resistor méae of semiconductors.

With low p.d. across thenthermistor, low current flowing through it
and the heating effects insignificant hence the resistance is fairly
constant.

As the p.d. acresy@a thermistor increases, current increases.
Heating effect is significant resulting in temperature increase.

The resistancée of semiconductors decreases with temperature.
Hence \ncreasing -V gradient.

In temis of the movement of charge carriers, the lattice ion
vibrations will be more at higher temperature. There will be more

reduction in the drift velocity of charge carriers due to collision
with lattice 1ons. However the concentration of charge carrers in
semiconductors increases significantly with temperature. Hence

the overall effect is a reduction in resistance.

windl SeodE TiRBe Ao TR garEet tir e
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E.M.F in terms of the energy transferredbyasource in driving
unit charge round a complete circuit

Movement of charge carriers is possible only if they possess energy and are
allowed to dissipate their energy. Sources like batteries and generators
provide the energy to the charge camers. Available path(s) for charge
carriers to dissipate their energy cause their movement.

Defining in terms of enerqy:

The electromotive force (e.m.f.) of a source is defined as the non-electrical
energy converted to electrical energy per unit charge dnven through the
SOUrce.

Defining in terms of power:

The electromotive force (e.m.f.) of a source is defined as the non-electrical
power converted to electrical power per unit current delivered by the source.

The Sl unit of em.f. is same as that of potential difference, 1.e. the volt.
(Recall that 1V =1J CT or 1 WA )
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E.M.F in tefMis'of tHe®@rnérgy Transtérred 174’ s8lrce in driving
unit charge round a complete circuit
(continued from previous slide)

P

Mathematically, E = % or E = n

where E is the e.m.f. of the source, in volts (V)
W s the energy converted, in joules 1)
(2 is the electric charge moved, ingoulombs (C)
P 15 the power converted, in watts{W)
I 15 the electric current delivered, in amperes (A)

Examples include:
« [n a battery, chemical\energy converted to electrical energy through chemical

reactions.
¢ [n a generator ~giechanical energy (in the form of rotational kinetic energy) is

converted to electrical energy.
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Distinguish between e.m.f. and p.d.
in terms of energy considerations

 The electromotive force (e.m.f.) of a source is
defined using the non-electrical energy
converted to electrical energy while the
potential difference (p.d.) between two points

is defined using electrical energy converted to
non-electrical energy.
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The effects of the internal resistance of
a source of e.m.f. on the terminal potential difference and output power.

* In practice, no energy source (batterv@r generator) is
perfect.

* Some of the electrical energy delivered by a source is
always dissipated within itself.

 The source is said to haveinternal resistance. When
the external load is laige, the internal resistance has
negligible effect.

* When the external load is not large, the internal
resistance cane depicted as a series resistor within
the source as shown in the diagram in next slide.
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The effects of the mternal resistance_of
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a source of e.nn;[fia on the terminal potentla ad?#eu;‘gngg arggToutput power.

(continued from previous slide)

oo ———— y'
r Eap
o TR ERR |
R

resistance and external load.

The energy delivered by the source i1s then shared between its internal

|.e. energy supplied = energy dissipated (external + internal).

Elt = PRt + 1t
= E=IR+Ir
= E = l{R+r)

E=V
VxI|=P

Hence terminal pd. isV=IR=E -1Ir
where Vis the terminal p.d., in volts (V)
E is the e.m f. of the source, in volts (V)
[ 15 the electric current delivered, in amperes (A)

The terminal p.d. is the potential difference across the source. Itis
equivalent to the potential difference across the external circuit.

BT DR S RS B G o
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The effects of the mternal resistance_of
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@ | .
a source of e.m.ie on the terminal potentla ad?#eu;‘gngg arggToutput power.
(continued from previous slide)

It can be deduced that when the source 1s connected to an external circuit,
the terminal p.d. of the source is reduced by the amount /r. V=E-Ir

When the current / through the source Is zero (such@s when the external
circuit is open) then terminal p.d. V will be equal téthe e.m.f. E.| lintheabove

equation
becomes Zero

When the internal resistance i1s negligible, the terminal p.d. will be
approximately equal to the e.m.f. E.

Alternatively, viewing in terms of piawer, the power delivered by the source is
shared between its internal resiztavice and external load,
I.e. power supplied zGaower dissipated (external + internal).

Pe=FPr+F;
El=FR+1r
The power dissipatediinternally (P, = I°r) is wasted in heating up the energy

source. Only the power that is dissipated externally (FPr = IEFE} Is avallable to
the external circuit so the efficiency of the source is always below 100%.

. _usefulpower VI I’R R
Efficiency 7=
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Show an understanding of the effects of the internal resistance of
a source of e.m.f. on the terminal potential difference and output power.
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Example 7

A battery of e.m.f. 12 V and internal resistance 0.014 Q delivers a 2.0 A current
when first connected to a motor. Calculate the resistance of the motor.

Solution:

E=IR+r)=12=20R+0.014)=R=5990Q
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