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AIM: The aim of present self- learning module is to 
train the minds of the learners in building the 
concepts by learning on their own. 
 
The module is designed to 
• Achieve self learning at own pace 
• Carry out formative assessment to ensure concept building through recap problems at 

different stages 
• Reinforce learning through an extensive question bank 
• Suggest further practice problems as  confidence building measure for the examination. 
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Free electrons are in all matter. But metals are used as chief source of electrons 
because they are loosely bound to the metals. However, the electrons cannot 
escape the metal surface . If an electron attempts to come out of the metal, the 
metal surface acquires  a positive charge and pulls the electron back to the metal. 
For an electron to escape the metal surface it must  have sufficient energy to 
overcome the surface forces. The minimum energy required to make an electron 
escape from the surface of the metal is called the work function of the metal. It is 
generally denoted by W0 and is measured in eV(electronvolt*). 
The work function depends on nature of the metal. 
 
 
*One electron volt is the energy gained by an electron when it is accelerated 
through a potential difference of 1 volt.  
We have 1 eV = 1.602 ×10–19 J. 

ELECTRON EMISSION 



I K GOGIA KV JHARODA KALAN DELHI. 

The electron emission from the metal surface can be supplied to the free 
electrons by any one of the following physical processes: 
 
Thermionic emission: It is the phenomenon of emission of electrons from the 
surface of the metal by heating it to a suitable temperature. The electrons 
emitted are called thermions.  
The method is widely used due to high emission efficiency. 
 
 
Field Effect Emission: It is the phenomenon of emission of electrons from the 
surface of the metal by subjecting it to a very strong electric field (of the order 
of 108 V m–1) to a metal. 
 
  
 

ELECTRON EMISSION 
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SECONDARY EMISSION:  
It is the phenomenon of emission of electrons from the surface 
of the metal by bombarding it with fast moving electrons. These 
fast moving incident electrons (called primary electrons) knock 
out more electrons (called secondary electrons). 
Photo-electric emission:  It is the phenomenon of emission of 
electrons from the surface of the metal when light of suitable 
frequency illuminates a metal surface. The electrons emitted 
from the metal surface by this method are called photoelectrons. 
Remember: The electron derive their  different names by the 
method of emission. They are identical in all respects. 

ELECTRON EMISSION 
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RECAP 

Why metals are used as chief source of electrons? 
List different methods of electron emission. 
Define the terms: photoelectric emission & thermionic 

emission. 
Why is thermionic emission  commonly used to eject 

electrons from metal surface? 
Why the tungsten filament used in thermionic emission 

coated with oxide of alkali metal? 
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PHOTOELECTRIC EFFECT 
HERTZ’S OBSERVATIONS: 
The phenomenon was discovered in 1887 by Heinrich Hertz. 
In his experiments with electromagnetic waves Hertz observed  
high voltage sparks across a metal loop when the emitter plate was illuminated 
by ultraviolet light. 
The UV rays falling on the metal surface caused emission of free 
negatively charged particles now called electrons. 
When light falls on the surface of a metal, some electrons near  
the surface absorb enough energy from the incident radiation 
to overcome the surface forces and escape from 
the surface of the metal into the surrounding space.  
 
 
NOTE: The sparks jumping the gap were  
more vigorous when the receiver was exposed  
to the ultraviolet light. What Hertz had discovered but  
failed to investigate further was the photoelectric effect. 
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Lenard observed that ultraviolet radiations falling on the emitter 
plate of an evacuated glass tube (as shown) caused current to 
flow in the circuit. 
The current flow also stopped as soon as the ultraviolet 
radiations were removed.  
The observations indicate that the UV radiations caused emission 
of electrons from plate C  which are attracted towards the 
collector plate A by the electric field resulting in the current flow. 
 

HALLWACHS’ AND LENARD’S OBSERVATIONS 
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Hallwach and Lenard studied variation of photoelectric current with 
change in collector plate potential, frequency and intensity of 
incident light. 
Hallwach also observed that a negatively charged zinc plate lost its 
charge when it was illuminated by ultraviolet light and an uncharged 
zinc plate became positively charged when irradiated by ultraviolet 
light.  
Positive charge on zinc plate was found to increase when it was 
illuminated by ultraviolet light. 
Hence it was concluded that  the zinc plate emits negatively charged 
particles when exposed to ultraviolet light. 

HALLWACHS’ AND LENARD’S OBSERVATIONS 
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Hallwachs and  Lenard also observed that  no electrons were 
emitted at all when the frequency of the incident light was smaller 
than a certain minimum frequency called the  threshold frequency. 
This minimum frequency depends on the nature  of material of the 
emitter plate.  
Certain metals like zinc, cadmium, magnesium, etc., respond only to 
ultraviolet light, having short wavelength, to cause electron 
emission from the surface. However, some alkali metals such as 
lithium, sodium, potassium, caesium and rubidium were sensitive 
even to visible light. All these photosensitive substances emit 
electrons when they are illuminated by light. These electrons were 
termed as  photoelectrons. The phenomenon is called photoelectric 
effect. 

HALLWACHS’ AND LENARD’S OBSERVATIONS  to check 
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EXPERIMENTAL STUDY  OF PHOTOELECTRIC EFFECT 
The experimental arrangement used for study of the photoelectric effect is as shown. It 
consists of an evacuated glass/quartz tube with a photosensitive plate C and a metal plate 
A called collector. 
Monochromatic light of a suitable 
wavelength from the source S through 
the quartz window W falls on the photo- 
sensitive plate C (emitter). 
The window permits uv radiations to pass 
 and irradiate the photo-sensitive plate C.  
The electrons emitted by the plate C  
are collected by the plate A (collector) 
using an electric field of varying intesity 
created by the battery. The polarity of the 
plates C and A can be reversed by a commutator.  
Thus, the plate A can be maintained at any desired 
positive or negative potential with respect to emitter C.  
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The potential difference between the emitter and collector plates is 
measured by voltmeter (V) whereas the resulting photo current 
flowing in the circuit is measured by a micro-ammeter (µA).  
The photoelectric current can be increased or decreased by varying 
the potential of collector plate A with respect to the emitter plate C. 
The intensity and frequency of the incident light is also varied to study 
the variation on P E Emission. 
The variation of photocurrent is experimentally studied by changing 
(a) intensity of radiation 
(b) frequency of incident radiation 
(c) the potential difference 
 
 

EXPERIMENTAL STUDY  OF PHOTOELECTRIC EFFECT 
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Effect of intensity:  
 

Keeping the frequency of the incident  
radiation and the accelerating potential  
fixed, the intensity of light is varied and 
the resulting photoelectric current is 
measured each time. It is found that 
the photocurrent increases linearly 
with intensity of incident light  
as shown in the graph. 
Hence the number of photoelectrons 
emitted per second is directly 
proportional to the intensity  
of incident radiation. 

EXPERIMENTAL STUDY OF PHOTOELECTRIC EFFECT 

Variation of Photoelectric current with intensity of 
light. 
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Illuminate the plate C with light of fixed frequency υ and fixed intensity I1. 
Keep plate A at zero potential with respect  
to plate C and record the current. 
Gradually increase the positive potential 
of plate A and measure the resulting P E  
current each time.  
The current increases with increase in  
accelerating (positive) potential till for  
a certain positive potential of plate A  
the photoelectric  current attains a 
certain maximum value called  
saturation current.  
Any further increase in the accelerating  
potential does not increase the current. 
At this potential all the photoelectrons  
emitted by the emitter plate C reach  
the collector plate A. 
 
 

Variation of photocurrent with collector plate 

potential for different intensity of incident 

radiation and fixed frequency. 
 

Plate potential  

EFFECT OF POTENTIAL ON PHOTOELECTRIC CURRENT 
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Apply a negative (retarding) potential to the plate A with respect 
to the plate C and make it increasingly negative. With negative polarity, the 
electrons are repelled and only the most energetic 
electrons are able to reach the collector A. 
The photocurrent is found to decrease rapidly until it drops to zero at a certain 
value of the negative potential V0 of the plate A. 
For a particular frequency of incident radiation, the minimum negative (retarding) 
potential V0  given to the plate A for which the 
photocurrent stops or becomes zero is called the cut-off or stopping potential. 
All photoelectrons emitted from the metal do not have the same energy. 
Photoelectric current is zero when the stopping potential is sufficient to stop even 
the fastest photoelectrons, with the 
maximum kinetic energy (Kmax), so that 
                                                Kmax = e V0 

 

EFFECT OF POTENTIAL ON PHOTOELECTRIC EFFECT 



I K GOGIA KV JHARODA KALAN DELHI. 

Repeat the experiment with incident radiations of same frequency but of higher 
intensity I2 and I3 (I3 > I2 > I1). It is observed that saturation currents are now found 
to be higher. 
This shows that more electrons are being emitted per second at higher intensity 
(proportional to the intensity of incident radiation). But the stopping potential 
remains the same as that for the incident radiation of intensity I1, as shown 
graphically. 
Thus, for a given frequency of the incident radiation, the stopping potential is 
independent of its intensity.  
 
Hence the maximum kinetic energy of photoelectrons depends on the frequency 
of the incident light and the emitter plate material, but is independent of intensity 
of incident radiation. 

EFFECT OF POTENTIAL ON PHOTOELECTRIC EFFECT 
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Adjust the intensity of incident light radiation at various frequencies 
υ1,υ2,υ3 so as to get same saturation 
current.  
Study the variation of photocurrent 
with collector plate potential.  
The variation is as shown in the  
graph. 
For the same value of the saturation 
current with incident radiation of 
different frequencies, we get  
different values of stopping potential. 
The stopping potential is more negative for higher 
frequencies of incident radiation. 
But the stopping potential is a measure of the maximum kinetic energy of the 
emitted electrons.  
 Hence the maximum kinetic energy of the photoelectrons depends on the 
frequency of the incident radiations. 

Study of  variation of PE current & 
stopping potential for different 
frequencies 

EFFECT OF FREQUENTCY ON STOPPING POTENTIAL 
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We have V03 > V02 > V01  for frequencies  
υ3 > υ2> υ1. 
Hence greater the frequency of incident light, 
greater is the maximum kinetic energy of the 
photoelectrons and 
greater is the  retarding potential. 
A graph between the frequency of 
incident radiation and stopping potential for 
different metals is a straight line, as shown. 

The graph shows that 
(i) the stopping potential V0 varies linearly with the frequency of incident 
radiation for a given photosensitive material. 
(ii) there exists a certain minimum cut-off frequency υ0 for which the stopping 
potential is zero. 

Variation of stopping potential V0 with 
frequency υ of incident radiation 
 

EFFECT OF FREQUENTCY ON STOPPING POTENTIAL 
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From above observations, we have: 
(i) The maximum kinetic energy of the photoelectrons varies linearly 
with the frequency of incident radiation, but is independent of its 
intensity. 
(ii) For a frequency υ of incident radiation, lower than a certain  
frequency υ0, called the threshold frequency, no photoelectric emission is possible 
however  large the intensity may be. 
The threshold frequency is different for different metals. 
Different photosensitive materials respond differently to light.  
Selenium emits photoelectrons more easily than zinc or copper.  
The same photosensitive substance gives different response to light of different 
wavelengths.  
For example copper is sensitive to uv but not to green or red light. 
The experiments also show that for frequencies exceeding the threshold 
frequency, the photoelectric emission starts instantaneously without any 
apparent time lag, even for very low intensity  of the incident radiation, the time 
lag being of the order of 10–9 s or less. 

EFFECT OF FREQUENTCY ON STOPPING POTENTIAL 
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(i) For a given  material and frequency of incident radiation 
(above the threshold frequency), the photoelectric current is directly 
proportional to the intensity of incident light. 
(ii) For a given photosensitive material and frequency of incident radiation, 
saturation current is found to be proportional to the intensity of 
incident radiation. 
(iii) For a given photosensitive material, there exists a certain minimum 
Frequency  called the threshold frequency, below which no emission of photoelectrons 
takes place, no matter how large the intensity of the incident light may be. Above the 
threshold frequency, the stopping potential and hence the maximum kinetic energy of the 
photoelectrons increases linearly with the frequency of the incident radiation, but is 
independent of its intensity. 
(iv) The photoelectric emission is an instantaneous process without any 
apparent time lag (~10– 9s or less), even when the incident radiation is 
made exceedingly dim. 
  

LAWS OF PHOTOOELECTRIC EMISSION 
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RECAP 
 

 List Lenard’s observations on photo electric emission. 
 What did Hallwach and and Lenard observe in their experiments on pe   

emission? 
 How does the no. Of photoelectrons vary with frequency? 
 Represent the variation of pe current with intensity o f incident light 

graphically 
 Draw a graph to show the effect of frequency on pe effect.  
 What does the unique value of stopping potential  for a given metal 

signify? 
 Define work function and threshold frequency. 
 State the laws of pe emission. 
 The photoelectric cut-off voltage in a certain experiment is 2.5 v. What 

is the maximum kinetic energy of photoelectrons emitted? 
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FAILURE OF WAVE THEORY OF LIGHT TO EXPLAIN PE EFFECT  

According to wave theory of light, the free electrons at the surface 
of the metal exposed to radiations absorb continuously.  
The more the intensity  greater should be the energy absorbed by each electron. 
Hence the maximum kinetic energy of the photoelectrons emitted is expected to 
increase with increase in intensity.  
Also a sufficiently intense beam incident for  sufficient time should be able to 
impart enough energy to the electrons to escape from the metal surface 
whatever be the frequency of radiation. A threshold frequency, therefore, should 
not exist. 
Thus the wave theory  contradicts the  experimental facts in the study of the PE 
effect. 

Further in wave picture, the absorption of energy by electron is a  continuous 
process. It should take a very  long time for an electron to absorb sufficient energy 
to overcome the surface forces and come out of the metal. This is in contrast to 
experimental observation that the pe emission is instantaneous. 
Hence  the wave picture is fails to explain basic features of photoelectric emission. 
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EINSTEIN’S PHOTOELECTRIC EQUATION: 

Albert Einstein proposed quantum theory of radiation to explain 
PE effect. According to the theory, radiation is built up of discrete units called 
quanta or packet of  energy  hυ, where h is Planck’s constant and υ the 
frequency of light. 
In photoelectric effect either the energy is completely absorbed or totally 
rejected. If this energy is absorbed, a part of energy is used to make the  
electron free and the rest is carried as KE. 
We have K.E. = hυ-W. 
The KE is maximum when work is minimum i.e. W0 the work function. 

 Therefore Kmax= hυ-W0                                                                                               ……..(1)  
More tightly bound electrons emerge with smaller values of kinetic energy. 
Hence, the maximum kinetic energy of the emitted photoelectrons depends on 
energy of each photon and hence its frequency. 
Increasing  the intensity will increase the number of photons and hence the 
number of emitted electrons. 

If υ0 is threshold frequency of the metal, we have W0= hυ0. 

Eq (1) becomes  Kmax= hυ- hυ0. 
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EXPLANATION OF LAWS OF PE EMISSION USING 
EINSTEIN’S EQUATION 

According to Einstein’s equation for PE effect 
We have                        Kmax= hυ-W0 = hυ- hυ0 

or                                    eV0 = hυ-W0 = hυ- hυ0 =hc/ λ -hc/λ=hc (1/ λ-1/ λ0 )  
where λ0  is threshold wave-length. 

 
For υ< υ0 ;KE is negative. Hence  PE emission is possible only if frequency exceeds 
threshold frequency. 

 
Higher the intensity, more will be the no. of photons and hence greater will be the 
no. of electrons emitted. 

 
The energy absorption by electron is a one-step process. Hence the emission is 
instantaneous i.e. without any time lag. 

 
For frequencies exceeding υ0, graph between Kmax and frequency is a st. line. A 
graph between V0 and frequency is a straight line with slope h/e. 
 
The value of Planck’s constant can be determined from the slope of the graph. 
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INTERESTING FACT 
 

Millikan performed a series of experiments on 
photoelectric effect, aimed at disproving Einstein’s 
photoelectric equation. 
However Millikan ended up proving the validity of 
Einstein’s photoelectric equation, instead of disproving it 
because he verified Photoelectric equation with great 
precision, for a number of alkali metals over a wide range 
of radiation frequencies. 
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RECAP 
List any two observations in photoelectric experiments      which cannot 

be explained on the basis of wave theory of radiations. 
State Einstein’s equation of photoelectric effect. Describe the symbols 

used in the equation. 
With the help of Einstein’s equation for PE effect, explain the laws of 

photoelectric emission. 
What is meant by the term ‘threshold frequency’? How does Einstein’s 

equation account for the same? 
Using Einstein’s equation’ obtain an expression for Planck constant.  
State relation between work function and threshold frequency. 
Name the scientist who verified Einstein’s equation of photoelectric 

effect experimentally.  
 In an experiment on photoelectric effect, the slope of the cut-off voltage 

versus frequency of incident light is found to be 4.12 × 10–15 V s. Calculate 
the value of Planck’s constant. 
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PARTICLE NATURE OF LIGHT: THE PHOTON 

 The phenomenon of PE effect can be explained only on the basis of       particle 
(photon) nature of radiations. Compton scattering  experiment of X-rays from electrons 
further confirmed the particle nature of radiations. 

 
In interaction of radiation with matter, radiation behaves as if it is 
     made up of particles called photons. 
 Each photon has energy E (=h υ) and momentum p (= h υ/c), and 
     speed c, the speed of light. 
 All photons of light of a particular frequency υ, or wavelength λ, have 
     the same energy E (=h υ = hc/λ) and momentum p (= h υ/c = h/λ), 
      whatever the intensity of radiation may be. An increase in intensity 
      increases the number of  photons per second crossing a given area.  
      The photon energy is independent of intensity of radiation. 
Photons are electrically neutral and are not deflected by electric and 
    magnetic fields. 
In a photon-electron collision, the total energy and total momentum  are conserved. 
However, the number of photons may not be conserved. In a collision, a photon may be 
absorbed or a new photon may be created. 
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WAVE NATURE OF MATTER 

The radiations i.e. light shows dual character. The lights behaves as wave in the 
phenomenon of interference, diffraction and polarisation. On the other hand, in 
photoelectric effect and Compton effect, the radiation behaves as if it is made 
up of particles called  the photons. 
Hence Light, a form of energy, shows dualistic behavior. 
Also energy and matter are inter-convertible (E=mc2 ). So de-Broglie proposed 
that the particles should also show dual character i.e. it should also behave as 
wave. The wave associated with the particles was called de-Broglie waves or 
Matter waves. 
For a photon E=mc2=hυ  
                         or  mc.c=hυ 
                         or   p.c   =hυ 
                         or     p       =h υ/c 
                         or     λ      = h/p. 
De- broglie proposed that the same relation should also be valid for matter 
waves. 
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Larger the mass  m, smaller will be the de Broglie wavelength  λ 
If m is 0.12 kg & v 20 m s–1 ,then λ= 2.76 × 10–34 m. 
This extremely small wavelength is beyond measurement. 
 Hence macroscopic objects in our daily life do not show wave-like properties.Consider 
an electron accelerated 
from rest through a potential V.  
The kinetic energy K of the electron equals the work done (eV ) on it by the electric 
field: 
 
 
 
 
 
The de Broglie wavelength l of the electron is then 
 
 
 
Substituting the numerical values of h, m, e, we get 
 
 
 
 

WAVE NATURE OF MATTER 
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For  V= 120 volts, λ= 1.12 A0.  
This wavelength is of the order of interatomic spacing between the planes in 
crystals. Hence the matter waves associated with accelerated electron could be 
verified by crystal diffraction experiments analogous to X-ray diffraction. 
 
DAVISSON AND GERMER EXPERIMENT 
The wave nature of electrons was first 
experimentally verified by Davisson 
and  Germer in 1927 and an year later  
by Thomson with their studies of 
diffraction effects with beams of 
electrons scattered by crystals. 
The experimental arrangement used by 
Davisson and Germer is shown in the  
diagram. The arrangement consists of a 
tungsten filament F, coated with barium 
oxide and heated by a low voltage power 
supply. The electrons emitted by the  
filament are accelerated to a desired  
velocity by using a suitable potential/voltage from a high voltage power supply H.T. or 
battery). 
 
 

WAVE NATURE OF MATTER 

Davisson-Germer electron diffraction 
arrangement 
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The accelerated electrons are changed to a fine collimated beam as they are 
made to pass through a cylinder with fine holes along its axis.  The beam is 
made to fall on a nickel crystal which scatters the electrons in all directions due 
to the atoms in the crystal. The intensity of the electron beam, scattered in a 
given direction, is measured by the electron collector. The collector is rotated 
on a circular scale and is connected to a sensitive galvanometer. The deflection 
in the galvanometer is proportional to the no. of the electrons entering the 
collector. The entire assembly is enclosed in an evacuated chamber.  
By moving the collector on the circular scale at different positions, the variation 
of the intensity (I ) of the scattered  electrons with the angle of scattering  is 
obtained for different accelerating voltages. 
The experiment was performed for different values of accelerating voltage 
between 44 V to 68 V and a strong peak appeared in the intensity of the 
scattered  beam  at  V= 54volts and  a scattering angle q = 50º. 
The peak is formed due to the constructive interference of electrons scattered 
from different layers of the regularly spaced atoms of the crystals. From the 
electron diffraction measurements and Bragg’s law of diffraction ( 2d sin  =n λ), 
the wavelength of matter waves was found to be 0.165 nm. 
 
 
 

WAVE NATURE OF MATTER 
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Theoretically, de Broglie wavelength λ associated with electrons is given by 
 
 
 
 
 
 
 
The theoretical and the experimental values agree confirming de-Broglie’s hypothesis of 
Matter waves. 
 
Application of matter waves: 
The wave properties of electrons have been used to design ELECTRON MICROSCOPE 
which has a very  high resolution as compared to the optical microscope. 
 
 
 

WAVE NATURE OF MATTER 
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RECAP 
 

State any four characteristics of photon. 
 
Calculate the 

• momentum, and 
• de Broglie wavelength of the electrons accelerated through a potential 

difference of 56 V. 
 

State the expression for de Broglie wave length of electrons accelerated 
through a potential difference of V volts. 
 

Show that the wave length of electrons accelerated through a potential 
difference v varies inversely as the accelerating potential. 
 

Name the historic experiment which justified de Broglie hypothesis.  
  

 
 


