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Capacitors
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Capacitors are devices that store electric 

charge.

A capacitor consists of two conductors.

These conductors are called plates.

When the conductor is charged, the 

plates carry charges of equal 

magnitude and opposite signs.

A potential difference exists between the 

plates due to the charge.
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Definition of Capacitance

The capacitance, C, of a capacitor is defined as the ratio of the magnitude of the 
charge on either conductor to the potential difference between the conductors.

𝐶 =
𝑄

∆𝑉

• The SI unit of capacitance is the Farad (𝐹 = 𝐶 𝑉⁄ ).

• Capacitance is a scalar quantity.

• Capacitance will always be a positive quantity

• The capacitance of a given capacitor is constant.

• The total charge on a capacitor is ZERO.
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Definition of Capacitance
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Capacitance – Isolated Sphere
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Assume a spherical charged conductor 

with radius (𝑎) and charge (𝑄).

The sphere will have the same 

capacitance as it would if there were a 

conducting sphere of infinite radius, 

concentric with the original sphere.

Assume 𝑉 = 0 for the infinitely large shell

𝐶 =
𝑄

∆𝑉
=

𝑄

𝑘௘𝑄 𝑎⁄
=

𝑎

𝑘௘

Note, this is independent of the charge 

on the sphere and its potential.

The capacitance of an isolated sphere is 

proportional to its radius (𝑎).

Circuit Symbols

A circuit diagram is a simplified 

representation of an actual circuit.

Circuit symbols are used to represent 

the various elements.

Lines are used to represent wires.

The battery’s positive terminal is 

indicated by the longer line.
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Parallel Plate Capacitor

Two parallel, metallic plates of equal 
area 𝐴 are separated by a distance 𝑑 . 
Each plate is connected to a terminal of 
the battery.

The battery is a source of potential 
difference.

If the capacitor is initially uncharged, 
the battery establishes an electric field 
in the connecting wires.
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Parallel Plate Capacitor

When closing the switch, conduction 

electrons shift, leaving the capacitor 

plates with opposite charges.

In its final configuration:

The potential difference across the 

capacitor plates is the same as that 

between the terminals of the battery.
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Capacitance – Parallel Plates

One plate carries a charge +𝑄 , and the other carries a charge −𝑄.

The surface charge density on each plate is 𝜎 = 𝑄 𝐴⁄ .

𝐴 is the area of each plate, the area of each plate is equal (in 𝑚2)

𝑄 is the charge on each plate, equal with opposite signs (in 𝐶)

The electric field is uniform between the plates and zero elsewhere.
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Capacitance – Parallel Plates

Its Capacitance:

𝐶 =
𝑄

∆𝑉
=

𝑄

𝐸𝑑
=

𝑄
𝜎
𝜖°

𝑑
=

𝑄

𝑄
𝐴𝜖°

𝑑

The capacitance is proportional to the area of its plates and inversely 

proportional to the distance between the plates.
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𝐶 =
𝐴𝜖°

𝑑
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Example 26.1 The 
Cylindrical 
Capacitor

A solid cylindrical conductor of 

radius a and charge +𝑄 is 
coaxial with a cylindrical shell 
of negligible thickness, radius 

𝑏 > 𝑎 , and charge – 𝑄 . Find 
the capacitance of this 
cylindrical capacitor if its 
length is κ.

11
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Answer: The capacitance is

𝐶 =
𝑄

Δ𝑉
=

𝑙

2𝑘௘𝑙𝑛 𝑏 𝑎⁄

• The capacitance depends on the radii (𝑎) and (𝑏) and 
is proportional to the length of the cylinders

Example 26.2 The 
Spherical 
Capacitor

A spherical capacitor consists of a 

spherical conducting shell of 

radius b and charge −𝑄 concentric 

with a smaller conducting sphere 

of radius a and charge +𝑄. Find 

the capacitance of this device.

12
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Answer: The capacitance is

𝐶 =
𝑄

∆𝑉
=

𝑎𝑏

𝑘௘ 𝑏 − 𝑎

• The capacitance depends on the radii (𝑎) and (𝑏)

.
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Capacitors combination

Capacitors in Parallel

When capacitors are first connected in 

the circuit, electrons are transferred 

from the left plates through the battery 

to the right plate, leaving the left plate 

positively charged and the right plate 

negatively charged.

The flow of charges ceases when the 

voltage across the capacitors equals that 

of the battery.
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Capacitors in Parallel, 2

The potential difference across the capacitors is the same.

And each is equal to the voltage of the battery

∆𝑉 is the battery terminal voltage

The total charge is equal to the sum of the charges on the capacitors.
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∆𝑉ଵ = ∆𝑉ଶ = ∆𝑉

𝑄𝑡𝑜𝑡 = 𝑄1 + 𝑄2

Capacitors in Parallel, 3
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The capacitors can be replaced with one 
capacitor with a capacitance of Ceq

The equivalent capacitor must have 
exactly the same external effect on the 
circuit as the original capacitors.

The equivalent capacitance of a parallel 
combination of capacitors is greater than 
any of the individual capacitors.
When n capacitors of the same 
magnitude (C) are connected in parallel:

𝐶௘௤ = 𝑛𝐶

𝐶௘௤ = 𝐶ଵ + 𝐶ଶ + 𝐶ଷ + ⋯
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Capacitors in Series

When a battery is connected to the 
circuit, electrons are transferred from the 

left plate of 𝐶1 to the right plate of 𝐶2

through the battery.

As this negative charge accumulates on 

the right plate of 𝐶2, an equivalent 
amount of negative charge is removed 

from the left plate of 𝐶2, leaving it with 
an excess positive charge.

All of the right plates gain charges of – 𝑄

and all the left plates have charges of 

+ 𝑄.
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Capacitors in Series, cont.
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The charges are all the same. 

The potential differences add up to the 

battery voltage.

An equivalent capacitor can be found 

that performs the same function as the 

series combination.

∆𝑉௧௢௧௔௟ = ∆𝑉ଵ + ∆𝑉ଶ

𝑄1 = 𝑄2 = 𝑄
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Capacitors in Series, final

The equivalent capacitance is:

The equivalent capacitance of a series combination is always less than any individual 

capacitor in the combination.

For 𝑛 capacitors of the same magnitude (𝐶) are in series:
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1

𝐶௘௤
=

1

𝐶ଵ
+

1

𝐶ଶ
+

1

𝐶ଷ
+ ⋯

𝐶௘௤ =
𝐶

𝑛

Energy in a Capacitor – Overview 
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Before the switch is closed, the energy 

is stored as chemical energy in the 

battery.

When the switch is closed, the energy 

is transformed from chemical potential 

energy to electric potential energy.

A capacitor can be described as a 

device that stores energy as well as 

charge.
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Energy Stored in a Capacitor

Assume the capacitor is being charged 
and, at some point, has a charge dq on 
it.
The work needed to transfer a charge 
from one plate to the other is

𝑑𝑊 = 𝑑𝑞 ∆𝑉 =
𝑞

𝐶
𝑑𝑞

The work required is the area of the tan 
rectangle.
The total work required is

𝑊 = න
𝑞

𝐶
𝑑𝑞

ொ

଴

=
𝑄ଶ

2𝐶
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slope =
∆𝑉

𝑄
=

1

𝐶

Energy, cont

The work done in charging the capacitor appears as electric potential energy U:

This applies to a capacitor of any geometry.
The energy stored increases as the charge increases and as the potential difference 
increases.
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𝑈 =
𝑄ଶ

2𝐶

𝑈 =
1

2
𝑄 ∆𝑉

𝑈 =
1

2
𝐶 ∆𝑉 ଶ
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Energy, final
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The energy can be considered to be 

stored in the electric field .

For a parallel-plate capacitor, the energy 

can be expressed in terms of the field as 

𝑈 =
1

2
𝐶 ∆𝑉 ଶ =

1

2

𝐴𝜖°

𝑑
𝐸𝑑 ଶ

It can also be expressed in terms of the 

energy density (𝒖) (energy per unit 

volume) (in units of 𝐽/𝑚3)

𝑢 =
𝑈

Volume
=

𝑈

𝐴𝑑
=

1
2

𝜖° 𝐴𝑑 𝐸ଶ

𝐴𝑑

𝑈 =
1

2
𝜖° 𝐴𝑑 𝐸ଶ

𝑢 =
1

2
𝜖°𝐸ଶ

An electric dipole consists of two charges of equal 
magnitude and opposite signs.
The charges are separated by 2𝑎.
The electric dipole moment  𝑝 is directed along the 
line joining the charges from – 𝑞 to +𝑞.
The electric dipole moment has a magnitude of:

SI units: 𝐶. 𝑚
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Electric Dipole

𝑝 = 2𝑎𝑞
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Electric Dipole, …

Assume the dipole is placed in a 

uniform external field, 𝑬.

Assume the dipole makes an angle 𝜃

with the field

Each charge has a force of (𝐹 = 𝑞𝐸)

acting on it.

The net force on the dipole is zero.

The forces produce a net torque on the 

dipole.
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Electric Dipole, …
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The dipole is a rigid object under a net 
torque.

The magnitude of the torque is:
𝜏 = 𝑟𝐹𝑠𝑖𝑛𝜃 = 2𝑎𝐹𝑠𝑖𝑛𝜃

𝜏 = 2𝑎𝑞𝐸𝑠𝑖𝑛𝜃

The torque can also be expressed as the 
cross product of the moment and the 
field:  

𝜏 = 𝑝𝐸𝑠𝑖𝑛𝜃

𝜏 = 𝑝 × 𝐸
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Electric Dipole, …
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The change in the potential energy can be expressed as a function of the 

orientation of the dipole with the field:

Choose 𝑈௜ = 0 at 𝜃௜ = 90° as reference point for measuring 𝑈, then: 

𝑈௙ − 𝑈௜ = −𝑝𝐸 𝑐𝑜𝑠𝜃௙ − 𝑐𝑜𝑠𝜃௜

𝑈 = −𝑝𝐸𝑐𝑜𝑠𝜃

𝑈 = −𝑝⃗ ∙ 𝐸

Water Molecules

A water molecule is an example of a 

polar molecule.

The center of the negative charge is 

near the center of the oxygen atom.

The x is the center of the positive 

charge distribution.

The average positions of the positive 

and negative charges act as point 

charges.

Therefore, 𝐻2𝑂 molecules can be 

modeled as electric dipoles.
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A dielectric is a nonconducting material that, when placed between the plates of a 
capacitor, increases the capacitance.

Dielectrics include rubber, glass, and waxed paper
The capacitance increases by a factor (𝜅) when the dielectric completely fills the 
region between the plates.

o 𝐶𝑜 : Capacitor without a dielectric
o 𝐶 : Capacitor with a dielectric
o 𝜅 Is the dielectric constant of the material. (Dimensionless)
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Capacitors with Dielectrics

𝐶 = 𝜅𝐶°

𝜅 > 1

Electric permittivity
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• 𝐶 = 𝜅𝐶°Capacitance

• 𝜖 = 𝜅𝜖°Electric permittivity

• 𝑘ௗ௜௘௟௘௖௧௥௜௖ =
ଵ

ସగఢ
=

ଵ

ସగ఑ఢ°
=

ଽ×ଵ଴వ

఑
 𝑁. 𝑚ଶ 𝐶⁄Coulomb’s constant

• Φௗ௜௘௟௘௖௧௥௜௖ =
௤೔೙

ఢ
=

௤೔೙

఑ఢ°
Gauss’s Law
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Capacitors with Dielectrics, (FIXED CHARGE)
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If the capacitor is disconnected from 

the battery, the capacitor is an 

isolated system and the charge 

remains the same, while the voltage 

will decrease.

Capacitors with Dielectrics, (FIXED CHARGE)
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• 𝐶 = 𝜅𝐶°Capacitance: increases

• 𝑄 = 𝑄°Charge: remains constant

• Δ𝑉 =
୼௏°

఑
Potential difference: decreases

• 𝑈 =
௎°

఑
Energy: decreases

• 𝐸 =
ா°

఑
Electric field: decreases
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Capacitors with Dielectrics, (FIXED POTENTIAL)
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If the capacitor remains connected to 

a battery, the voltage across the 

capacitor remains the same, while the 

charge will increase.

Capacitors with Dielectrics, (FIXED POTENTIAL)
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• 𝐶 = 𝜅𝐶°Capacitance: increases

• 𝑄 = 𝜅𝑄°Charge: increases

• Δ𝑉 = Δ𝑉°Potential difference: remains constant

• 𝑈 = 𝜅𝑈°Energy: increases

• 𝐸 = 𝐸°Electric field: remains constant
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Dielectrics, cont
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For a parallel-plate capacitor, 

In theory, d could be made very small to create a very large capacitance.

In practice, there is a limit to d.

𝐶 =
𝜅𝜖° 𝐴

𝑑

Dielectrics, final

21-Feb-21Mustafa Al-Zyout - Philadelphia University

36

Dielectrics provide the following advantages:

 Increase in capacitance

 Increase the maximum operating voltage

 Possible mechanical support between the plates

 This allows the plates to be close together without touching.

 This decreases d and increases C.
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Dielectrics – An Atomic View
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The molecules that make up the 

dielectric are modeled as dipoles.

The molecules are randomly oriented 

in the absence of an electric field.

Dielectrics – An Atomic View, 2

An external electric field is applied.
This produces a torque on the 
molecules.
The molecules partially align with 
the electric field.
 The degree of alignment 

depends on temperature and the 
magnitude of the field.
 In general, the alignment 

increases with decreasing 
temperature and with 
increasing electric field.
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Dielectrics – An Atomic View, final

An external field can polarize the 

dielectric.

The charged edges of the dielectric 

act as a second pair of plates 

producing an induced electric field in 

the direction opposite the original 

electric field.
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𝐸 = 𝐸° − 𝐸௜௡ௗ௨௖௘ௗ

Induced Charge and Field
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The electric field due to the plates is 

directed to the right.

The net effect on the dielectric is an 

induced surface charge that results in an 

induced electric field.

If the dielectric were replaced with a 

conductor, the net field between the 

plates would be zero.

𝜎௜௡ௗ௨௖௘ௗ =
𝜅 − 1

𝜅 𝜎
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Some Dielectric 
Constants and 
Dielectric 
Strengths

41
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