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5.3: Photoelectric Effect

By the end of this section you will be able to:

Describe physical characteristics of the photoelectric effect
Explain why the photoelectric effect cannot be explained by classical physics
Describe how Einstein’s idea of a particle of radiation explains the photoelectric effect

When a metal surface is exposed to a monochromatic electromagnetic wave of sufficiently short wavelength (or equivalently,
above a threshold frequency), the incident radiation is absorbed and the exposed surface emits electrons. This phenomenon is
known as the photoelectric effect. Electrons that are emitted in this process are called photoelectrons.

The experimental setup to study the photoelectric effect is shown schematically in Figure . The target material serves as the
anode, which becomes the emitter of photoelectrons when it is illuminated by monochromatic radiation. We call this electrode the
photoelectrode. Photoelectrons are collected at the cathode, which is kept at a lower potential with respect to the anode. The
potential difference between the electrodes can be increased or decreased, or its polarity can be reversed. The electrodes are
enclosed in an evacuated glass tube so that photoelectrons do not lose their kinetic energy on collisions with air molecules in the
space between electrodes.

Figure : An experimental setup to study the photoelectric effect. The anode and cathode are enclosed in an evacuated glass
tube. The voltmeter measures the electric potential difference between the electrodes, and the ammeter measures the photocurrent.
The incident radiation is monochromatic.

When the target material is not exposed to radiation, no current is registered in this circuit because the circuit is broken (note, there
is a gap between the electrodes). But when the target material is connected to the negative terminal of a battery and exposed to
radiation, a current is registered in this circuit; this current is called the photocurrent. Suppose that we now reverse the potential
difference between the electrodes so that the target material now connects with the positive terminal of a battery, and then we
slowly increase the voltage. The photocurrent gradually dies out and eventually stops flowing completely at some value of this
reversed voltage. The potential difference at which the photocurrent stops flowing is called the stopping potential.

Characteristics of the Photoelectric Effect
The photoelectric effect has three important characteristics that cannot be explained by classical physics: (1) the absence of a lag
time, (2) the independence of the kinetic energy of photoelectrons on the intensity of incident radiation, and (3) the presence of a
cut-off frequency. Let’s examine each of these characteristics.

 Learning Objectives

5.3.1

5.3.1

https://libretexts.org/
https://creativecommons.org/licenses/by/4.0/
https://phys.libretexts.org/@go/page/64338?pdf
https://phys.libretexts.org/Courses/Bowdoin_College/Phys1140%3A_Introductory_Physics_II%3A_Part_2/05%3A_Photons_and_Matter_Waves/5.03%3A_Photoelectric_Effect


5.3.2 https://phys.libretexts.org/@go/page/64338

The absence of lag time

When radiation strikes the target material in the electrode, electrons are emitted almost instantaneously, even at very low intensities
of incident radiation. This absence of lag time contradicts our understanding based on classical physics. Classical physics predicts
that for low-energy radiation, it would take significant time before irradiated electrons could gain sufficient energy to leave the
electrode surface; however, such an energy buildup is not observed.

The intensity of incident radiation and the kinetic energy of photoelectrons

Typical experimental curves are shown in Figure , in which the photocurrent is plotted versus the applied potential difference
between the electrodes. For the positive potential difference, the current steadily grows until it reaches a plateau. Furthering the
potential increase beyond this point does not increase the photocurrent at all. A higher intensity of radiation produces a higher
value of photocurrent. For the negative potential difference, as the absolute value of the potential difference increases, the value of
the photocurrent decreases and becomes zero at the stopping potential. For any intensity of incident radiation, whether the intensity
is high or low, the value of the stopping potential always stays at one value.

To understand why this result is unusual from the point of view of classical physics, we first have to analyze the energy of
photoelectrons. A photoelectron that leaves the surface has kinetic energy . It gained this energy from the incident
electromagnetic wave. In the space between the electrodes, a photoelectron moves in the electric potential and its energy changes
by the amount , where  is the potential difference and . Because no forces are present but electric force, by
applying the work-energy theorem, we obtain the energy balance  for the photoelectron, where  is the change
in the photoelectron’s kinetic energy. When the stopping potential  is applied, the photoelectron loses its initial kinetic
energy  and comes to rest. Thus, its energy balance becomes , so that . In the presence of
the stopping potential, the largest kinetic energy  that a photoelectron can have is its initial kinetic energy, which it has at the
surface of the photoelectrode. Therefore, the largest kinetic energy of photoelectrons can be directly measured by measuring the
stopping potential:

At this point we can see where the classical theory is at odds with the experimental results. In classical theory, the photoelectron
absorbs electromagnetic energy in a continuous way; this means that when the incident radiation has a high intensity, the kinetic
energy in Equation  is expected to be high. Similarly, when the radiation has a low intensity, the kinetic energy is expected to
be low. But the experiment shows that the maximum kinetic energy of photoelectrons is independent of the light intensity.

Figure : The detected photocurrent plotted versus the applied potential difference shows that for any intensity of incident
radiation, whether the intensity is high (upper curve) or low (lower curve), the value of the stopping potential is always the same.

The presence of a cut-off frequency

For any metal surface, there is a minimum frequency of incident radiation below which photocurrent does not occur. The value of
this cut-off frequency for the photoelectric effect is a physical property of the metal: Different materials have different values of
cut-off frequency. Experimental data show a typical linear trend (Figure ). The kinetic energy of photoelectrons at the surface
grows linearly with the increasing frequency of incident radiation. Measurements for all metal surfaces give linear plots with one
slope. None of these observed phenomena is in accord with the classical understanding of nature. According to the classical
description, the kinetic energy of photoelectrons should not depend on the frequency of incident radiation at all, and there should be
no cut-off frequency. Instead, in the classical picture, electrons receive energy from the incident electromagnetic wave in a
continuous way, and the amount of energy they receive depends only on the intensity of the incident light and nothing else. So in
the classical understanding, as long as the light is shining, the photoelectric effect is expected to continue.
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Figure : Kinetic energy of photoelectrons at the surface versus the frequency of incident radiation. The photoelectric effect
can only occur above the cut-off frequency . Measurements for all metal surfaces give linear plots with one slope. Each metal
surface has its own cut-off frequency.

The Work Function
The photoelectric effect was explained in 1905 by A. Einstein. Einstein reasoned that if Planck’s hypothesis about energy quanta
was correct for describing the energy exchange between electromagnetic radiation and cavity walls, it should also work to describe
energy absorption from electromagnetic radiation by the surface of a photoelectrode. He postulated that an electromagnetic wave
carries its energy in discrete packets. Einstein’s postulate goes beyond Planck’s hypothesis because it states that the light itself
consists of energy quanta. In other words, it states that electromagnetic waves are quantized.

In Einstein’s approach, a beam of monochromatic light of frequency  is made of photons. A photon is a particle of light. Each
photon moves at the speed of light and carries an energy quantum . A photon’s energy depends only on its frequency .
Explicitly, the energy of a photon is

where  is Planck’s constant. In the photoelectric effect, photons arrive at the metal surface and each photon gives away all of its
energy to only one electron on the metal surface. This transfer of energy from photon to electron is of the “all or nothing” type, and
there are no fractional transfers in which a photon would lose only part of its energy and survive. The essence of a quantum
phenomenon is either a photon transfers its entire energy and ceases to exist or there is no transfer at all. This is in contrast with
the classical picture, where fractional energy transfers are permitted. Having this quantum understanding, the energy balance for an
electron on the surface that receives the energy  from a photon is

where  is the kinetic energy, given by Equation , that an electron has at the very instant it gets detached from the
surface. In this energy balance equation,  is the energy needed to detach a photoelectron from the surface. This energy  is called
the work function of the metal. Each metal has its characteristic work function, as illustrated in Table . To obtain the kinetic
energy of photoelectrons at the surface, we simply invert the energy balance equation and use Equation  to express the energy
of the absorbed photon. This gives us the expression for the kinetic energy of photoelectrons, which explicitly depends on the
frequency of incident radiation:

Equation  has a simple mathematical form but its physics is profound. We can now elaborate on the physical meaning behind
this equation.

Table : Typical Values of the Work Function for Some Common Metals

Metal  (eV)

Na 2.46

Al 4.08

Pb 4.14
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Metal  (eV)

Zn 4.31

Fe 4.50

Cu 4.70

Ag 4.73

Pt 6.35

In Einstein’s interpretation, interactions take place between individual electrons and individual photons. The absence of a lag time
means that these one-on-one interactions occur instantaneously. This interaction time cannot be increased by lowering the light
intensity. The light intensity corresponds to the number of photons arriving at the metal surface per unit time. Even at very low
light intensities, the photoelectric effect still occurs because the interaction is between one electron and one photon. As long as
there is at least one photon with enough energy to transfer it to a bound electron, a photoelectron will appear on the surface of the
photoelectrode.

The existence of the cut-off frequency  for the photoelectric effect follows from Equation  because the kinetic energy 
of the photoelectron can take only positive values. This means that there must be some threshold frequency for which the kinetic
energy is zero, . In this way, we obtain the explicit formula for cut-off frequency:

Cut-off frequency depends only on the work function of the metal and is in direct proportion to it. When the work function is large
(when electrons are bound fast to the metal surface), the energy of the threshold photon must be large to produce a photoelectron,
and then the corresponding threshold frequency is large. Photons with frequencies larger than the threshold frequency  always
produce photoelectrons because they have . Photons with frequencies smaller than  do not have enough energy to
produce photoelectrons. Therefore, when incident radiation has a frequency below the cut-off frequency, the photoelectric effect is
not observed. Because frequency  and wavelength  of electromagnetic waves are related by the fundamental relation 
(where cc is the speed of light in vacuum), the cut-off frequency has its corresponding cut-off wavelength :

In this equation, . Our observations can be restated in the following equivalent way: When the incident
radiation has wavelengths longer than the cut-off wavelength, the photoelectric effect does not occur.

Radiation with wavelength 300 nm is incident on a silver surface. Will photoelectrons be observed?

Strategy

Photoelectrons can be ejected from the metal surface only when the incident radiation has a shorter wavelength than the cut-off
wavelength. The work function of silver is  (Table ). To make the estimate, we use Equation .

Solution
The threshold wavelength for observing the photoelectric effect in silver is

The incident radiation has wavelength 300 nm, which is longer than the cut-off wavelength; therefore, photoelectrons are not
observed.

Significance
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If the photoelectrode were made of sodium instead of silver, the cut-off wavelength would be 504 nm and photoelectrons
would be observed.

Equation  in Einstein’s model tells us that the maximum kinetic energy of photoelectrons is a linear function of the frequency
of incident radiation, which is illustrated in Figure . For any metal, the slope of this plot has a value of Planck’s constant. The
intercept with the -axis gives us a value of the work function that is characteristic for the metal. On the other hand,  can
be directly measured in the experiment by measuring the value of the stopping potential  (see Equation ) at which the
photocurrent stops. These direct measurements allow us to determine experimentally the value of Planck’s constant, as well as
work functions of materials.

Einstein’s model also gives a straightforward explanation for the photocurrent values shown in Figure . For example, doubling
the intensity of radiation translates to doubling the number of photons that strike the surface per unit time. The larger the number of
photons, the larger is the number of photoelectrons, which leads to a larger photocurrent in the circuit. This is how radiation
intensity affects the photocurrent. The photocurrent must reach a plateau at some value of potential difference because, in unit time,
the number of photoelectrons is equal to the number of incident photons and the number of incident photons does not depend on the
applied potential difference at all, but only on the intensity of incident radiation. The stopping potential does not change with the
radiation intensity because the kinetic energy of photoelectrons (see Equation ) does not depend on the radiation intensity.

When a 180-nm light is used in an experiment with an unknown metal, the measured photocurrent drops to zero at potential –
0.80 V. Determine the work function of the metal and its cut-off frequency for the photoelectric effect.

Strategy

To find the cut-off frequency , we use Equation , but first we must find the work function . To find , we use Equation
 and Equation . Photocurrent drops to zero at the stopping value of potential, so we identify .

Solution
We use Equation  to find the kinetic energy of the photoelectrons:

Now we solve Equation for :

Finally, we use Equation to find the cut-off frequency:

Significance
In calculations like the one shown in this example, it is convenient to use Planck’s constant in the units of  and express
all energies in eV instead of joules.

A 430-nm violet light is incident on a calcium photoelectrode with a work function of 2.71 eV. Find the energy of the incident
photons and the maximum kinetic energy of ejected electrons.

Strategy

The energy of the incident photon is ,, where we use . To obtain the maximum energy of the ejected
electrons, we use Equation .

Solution
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Significance
In this experimental setup, photoelectrons stop flowing at the stopping potential of 0.17 V.

A yellow 589-nm light is incident on a surface whose work function is 1.20 eV. What is the stopping potential? What is the
cut-off wavelength?

Answer

 1040 nm

Cut-off frequency for the photoelectric effect in some materials is  When the incident light has a frequency of 
, the stopping potential is measured as – 0.16 V. Estimate a value of Planck’s constant from these data (in units

J⋅sJ·s and eV⋅seV·s) and determine the percentage error of your estimation.

Answer

; 
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 Exercise 5.3.1

−0.91 V

 Exercise 5.3.2

8.0 × Hz.1013

1.2 × Hz1014

h = 6.40 × J ⋅ s = 4.0 × eV ⋅ s10−34 10−15 −3.5%
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