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 1 Photoelectric effect and 
quantum phenomena

Overview
Knowledge recap
✱ A photon is a packet or ‘quantum’ of 

electromagnetic radiation.

✱ The energy of a photon is calculated using 
the equation, E = hf. The energy of a wave is 
proportional to the amplitude of the wave squared.

✱ The photoelectric effect provided evidence for the 
‘particle nature’ of light due to the existence of a 
threshold frequency.

✱ The work function of a metal is the minimum 
amount of energy required to release an electron 
from the metal’s surface.

✱ 1 eV is the energy gained when an electron is 
accelerated through a pd of 1 volt. 1 eV = 1.6 × 10−19J.

✱ The number of electrons released from the metal 
surface each second depends on the intensity 
(brightness) of the light.

✱ The kinetic energy of a photoelectron is calculated 
using the equation, KEmax = hf − Φ.

✱ Only one photon can be absorbed by one electron. 
Increasing the intensity of the light increases the 
rate of electron emission but does not affect their 
kinetic energies.

✱ If the frequency of the light is increased then 
the kinetic energy of the emitted photoelectrons 
increases but the number of photoelectrons 
released per second remains the same.

✱ Applying an electric field across the surface of a 
metal can prevent electrons leaving, even though 
the energy of the photons being absorbed is greater 
than the work function. The stopping potential 
can be used to calculate the work function of the 
metal using the equation, eV stopping potential = Φ.

✱ The momentum of a photon can be calculated 

using the equation, p = 
h
λ

.

Practice questions
1 UV light causes electrons to be released from the surface of 

zinc metal. Give one reason why visible light does not cause 
electrons to be released. (1)

2 Calculate the maximum kinetic energy of an electron emitted from the surface of lithium when 
UV light of frequency = 1.0 × 1015 Hz is shone onto it. The work function of lithium is 2.9 eV. 
Explain what would be observed if the same light was shone onto copper which has a work 
function of 4.6 eV. (2)

3 Describe and explain what we would expect to observe from a photoelectric effect experiment 
if light behaved as a wave instead of a particle. (2)

Insight
The word ‘reason’ tells you 
to answer using a few sentences 
rather than a couple of words. 
Examiner reports warn against 
being too vague in questions that 
ask for a reason. You must refer to 
the photoelectric effect. 

9781510481206.indb   1 11/08/20   6:36 PMProgress Geo KS3_8072.indb   4 8/24/18   5:23 PM

Copyright: Sample material



 1
 

Ph
ot

oe
le

ct
ri

c 
ef

fe
ct

 a
n

d
 q

u
an

tu
m

 p
h

en
om

en
a

2

Extended responses
Worked example
1 The photoelectric effect suggests that electromagnetic waves 

can exhibit particle-like behaviour. Explain what is meant by 
threshold frequency and why the existence of a threshold 
frequency supports the particle nature of electromagnetic 
waves. (5)

Plan your answer to this question in the space below. Start by 
circling the command word, and then highlight or underline any 
key terms. When writing your plan, consider numbering your 
points in the order you would write them.

Here is a sample answer with expert commentary:

UpGrade
Take care to use all technical 
terms correctly and define any 
physics terms used in your answer. 
Many students assume that 
because the examiner is a physics 
expert they already know the key 
definitions, but they can only award 
marks for what you write.

Threshold frequency is the minimum frequency of light needed to 
cause electrons to be emitted. Electrons which are released after they 
absorb photons are called photoelectrons. If the frequency of light is 
below the threshold frequency then no electrons are released even if 
the intensity of the light is increased. 
The threshold frequency is related to the work function by the 
equation hf0 = Φ. If the frequency of the photon is below the 
threshold frequency then the energy of the photon is less than the 
work function of the metal and so no electrons are released as the 
work function is the minimum energy needed for an electron to be 
released. 
Wave theory cannot explain this as the energy of a wave increases as 
the intensity (brightness) of the wave increases. 

This is good because it defines 
the key term used in the question. 
The student should also state 
that the electrons are emitted 
from the surface of the metal as 
this is a key part of the definition 
of threshold frequency.

This starts to answer the ‘ explain’ 
element of the  question. It explains 
why the threshold  frequency is 
significant.

This shows good understanding of 
the relationship between threshold 
frequency and work function but 
the student still forgets to state 
that the electrons are released 
from the surface of the metal, 
which is also a key part of the 
definition of ‘work function’.

This answer would get 3/5 because the student has nearly defined the key terms in the question correctly 
and used them to explain why light must travel as photons. To gain full marks, they need to explain more 
clearly the fact that light travels as photons and that the energy of the photon depends on the frequency of 
the light.

The student also talks about the meaning of intensity in the wave-model of light but does not explain that, in 
the photon model, intensity is related to the number of photons per second hitting the metal surface.
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Be the examiner
2 Experiments show that when light of the same frequency is shone on different metal surfaces, 

the photoelectric effect is observed with some metals but not with others. Use your  
knowledge of the photoelectric effect to explain these observations. (6)

Read through the sample answer below and comment on what is good and bad about it.

Use the mark scheme below to help identify how the student did. Use your comments and what you have 
checked off to give the answer a mark.

Light is made of photons which are particles of light. When they hit 
the metal surface they are absorbed and make the electrons leave 
the metal. The frequency of the light tells you how much energy the 
photons carry and higher frequency carries more energy. Different 
metals require different amounts of energy to release electrons and 
that is why not all metals release electrons when light is shone on 
them.

UpGrade
Do not use labels (e.g. 
ϕ, f, etc.) in explanations and 
descriptions – named quantities 
(e.g. work function, frequency, etc.) 
are much better at communicating 
scientific ideas. 

Level descriptors Marks

Indicative content 
• A clear explanation of the relationship between photon energy and frequency, stating that photon  

energy = h × frequency.

• If the frequency of light stays the same, then the energy of each photon also stays the same.

• The amount of energy needed to remove an electron from the surface of a metal is called the work function (and this 
varies for different metals).

• Only one photon can be absorbed by one electron. 

• If the energy carried by a photon is lower than the work function of that metal, no electrons will be released from the 
surface as electrons are only released from the surface when the energy carried by a photon is greater than the work 
function of that metal.

□
□

□

□

□

Level 3: There is a detailed explanation for why the frequency of light matters, with the equation written out. 
The one–one relationship between photons and electrons is included. The definition of work function is given 
and correct terminology is used throughout. The answer has a sensible order.

5–6 □

Level 2: There are explanations for the significance of the frequency of light remaining the same in terms of 
the energy of a photon, but this relationship is not stated in a formula. The correct definition of work function 
is given but the student does not explain that one photon is absorbed by one electron. The explanation is in a 
sensible order.

3–4 □

Level 1: Basic definitions are given but there is little attempt to use these to explain the observations. The 
explanations do not follow a logical order.

1–2 □

I would give this ____ /6 because…  _____________________________________________________________
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Practice question
3 Quantum theory treats electromagnetic radiation as photons. The energy, E, of photons is given 

by the equation: E = hf or E
hc 
λ

=

 where h is the Planck constant, f is the frequency of the light, c is the speed of light, and λ is the 
wavelength of the light.

 LEDs make use of the movement of electrons between two semiconductor materials to 
produce photons of light. Each different colour of LED will have a minimum value of potential 
difference, V, that will allow the diode to conduct. The energy of each photon will be equal to 

the energy gained by an electron, eV: eV
hc
λ

= .  

 A student used the circuit in Figure 1 to measure the voltage at which the LED just began to 
conduct and emit light.

1 kΩ
resistor

LED

V

d.c. power
supply

Figure 1

 Describe how the student could use this apparatus and 6 different coloured LEDs of known 
wavelengths to determine Planck’s constant. Explain how the student would process their data 
and the steps they would take to ensure their measurements are accurate. Outline one possible 
improvement to the experiment. You should also describe any safety precautions the student 
should take. (6)

This is a sample answer:

Using the equation the student should put the voltage on the y-axis 
of the graph and λ on the x-axis. This would mean the gradient is 
Planck’s constant. A black cardboard tube should be used to reduce 
ambient light. The student should increase the voltage until the LED 
begins to emit light. Then this is repeated to reduce the random error. 
LEDs only use low current so a resistor is used in series to protect 
them. The LED must also be connected the correct way around or it 
will not emit light.

Write an improved response to this question that would get full marks.
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Practical physics
It is difficult to measure the energy of electrons directly and practical questions in this topic will expect you to 
be able to analyse data from experiments where this is measured indirectly, for example by measuring the 
stopping potential. As wave–particle duality is a key area of this topic you will be expected to apply your 
knowledge from the waves topic to electrons. 

Practice questions
1 Einstein showed that the energy from a photon can be used to release a photoelectron and give 

it kinetic energy. An experiment to measure the maximum kinetic energy of photoelectrons is 
shown in Figure 2.

Evacuated
tube

Monochromatic
radiation

Photoelectrons emitted from
the metal cathode

Window

Cathode Anode

MicroammeterVariable reverse
pd

V

+ –

Figure 2: Experiment to test Einstein’s model of photoelectricity

 When light is shone onto the metal cathode photo electrons will be released. Photoelectrons which 
have enough energy will reach the anode. A reverse potential difference is applied across the tube 
so the anode repels electrons. The potential difference is increased until no electrons reach the 
anode. This ‘stopping potential’ is measured for various frequencies of light, shown in Figure 3.

−2.0

−1.0

0

1.0

2.0

3.0

2.0

Frequency / 1014 Hz

V
st

op
pi

ng
 / 

V

6.0 8.0 10.04.0

Figure 3

1–1 Explain why the tube is evacuated.  (1)

1–2 Explain the role of the microammeter in this experiment. (1)

Insight
Previous examiner reports 
show that many students get 
mixed up between stopping 
potential, potential difference and 
the meaning of electron volts.
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1–3 Use the graph in Figure 3 to determine the work function and 
threshold frequency of the metal. (4)

1–4 The graph is not dependent upon the intensity of the incident light on the metal surface. 
Explain how this provides evidence for the particle nature of light and why the kinetic energy of 
photoelectrons has a maximum value. (5)

2 A beam of electrons is accelerated and passes through a thin piece of graphite. When the 
electrons hit the screen an interference pattern is observed.

Thin
graphite

Vacuum
Heater

Accelerating high pd

Fluorescent
screenElectron beam

� �

Alternating
regions of bright
and dark zones

 An electron diffraction apparatus

2–1 Explain why a pattern of concentric circles forms on the fluorescent screen. (2)

2–2 Discuss the effect of changing the accelerating pd on the pattern that forms on the  
fluorescent screen. (3)

2–3 Outline why the sample of graphite has to be thin and  
describe the effect of using a thicker piece of graphite on  
the diffraction pattern. (4)

UpGrade
You need to be able to use 
the wave and particle models 
for electrons and describe the 
phenomena and effects associated 
with both of these properties. 

Insight
Examiner reports state 
that students confuse threshold 
frequency and work function. They 
are connected using the equation, 
work function = h × threshold 
frequency.
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