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Abstract

The resolving power of any microscope depends upon the wavelength of the source of illumination,

and smaller the wavelength higher is its resolving power. Light waves have wavelengths in between

4000 and 7000 Å that limit the resolution of conventional light microscopes to 0.2  and magnification

to the order of 1000 times. The limitation of light microscope in terms of resolution and magnification

leads to the need for better source of illumination than monochromatic beam of light. It is well known

a fact that an electron has a wave like nature and its wavelength is given by de Broglie’s equation (  =

h/p; where h is plank’s constant and p is momentum). A beam of highly accelerated electrons can be

used as a source of illumination in microscopes to achieve very high level of resolutions and

magnifications, and such microscopes are called as Electron Microscopes. Electrons are generated as a

result of thermionic emission by applying high voltage to a thin hairpin filament (usually tungsten or

lanthanum hexaboride). The generated beam of electrons is unstable in nature and thus requires a high

level of vacuum for its stability. The attainment of vacuum for successful journey of electron beam

from electron gun to specimen surface is done with the help of various kinds of pumps and is discussed

in this paper. When a beam of high-energy electrons interacts with the specimen under study, various

kinds of signals are generated as a result of elastic and inelastic scattering with the electrons of the

specimen. The kinds of signals generated and the information they provide are discussed at length in

this paper. Different features of electron microscopy are discussed in this paper to provide better

understanding of the subject as a whole, but an emphasis is made more on Scanning Electron

Microscopy. Typical applications of electron microscopy are also discussed in brief in this paper.
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Introduction

Microscopy is a technique that is utilized to produce images of details or structures too small to be seen

by a normal human eye, using a microscope or any tool for magnification. The simplest microscope

known to us is a light microscope that utilizes a beam of light for illuminating the sample under study.

It works on the principle of refraction of light when it passes through a lens. The refracted light forms

an image that is further magnified using another lens thus resulting in the formation of an enlarged

image. The resolution and magnification of any microscope depend upon the wavelength of the source

of illumination i.e. light in case of optical microscope and electrons in case of electron microscope. It

is a well-known fact that shorter the wavelength of the illuminating source higher is the resolving

power of the microscope. In case of optical microscope, a beam of light is used for illuminating the

specimen under study and thus the resolution of the microscope depends upon the wavelength of the

light used, which is between 4000 and 7000 Å. This high wavelength limits the resolution of light

microscopes to around only 0.2 . The resolving power of any microscope is defined as its ability to

distinguish between two closely located points and the resolution is the distance between those two

points. The resolution of an optical microscope is affected by the phenomenon known as Diffraction

that limits its maximum resolution to a maximum of 0.2 . The most important feature of a light

microscope is its ease to use and the samples can be analyzed in air or water, and the images formed

are in their natural color. But images obtained with the optical microscope are almost planar and

examination of samples with rough or fractured surfaces will be almost impossible since the image will

be in focus in some regions and out of focus in other regions.

Rapidly moving electrons have a wave like character and can be used as the source of illumination in a

microscope. The wavelength of moving electrons can be easily found by using de Broglie’s equation (

= h/p; where h is plank’s constant and p is momentum) and it depends upon the potential difference

applied that makes the electrons move. Electron microscopes use high-energy electrons with energies

of thousands of electron volts, which is far greater than that of visible light. Resolution as low as 2

nanometers has been achieved in case of Scanning Electron Microscopes (with magnifications of the

order of 3,00,000 times) and 0.05 nanometers in case of modern Transmission Electron Microscopes

(with magnifications of the order of 10,000,00 times). Magnifications in case of electron microscopes

are limited to around 10,00,000 times, primarily because of spherical and chromatic aberrations. Few

highly sophisticated modern electron microscopes have even measured lengths in achieving

magnifications as high as 20 million times. An electron microscope is not only used to study details at

higher magnifications but also to get various other information like elemental composition,

crystallographic structure, etc. when coupled with different types of detectors. An attempt is made in
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this paper to give a panoramic view of the existing features of electron microscopes and their utilities

in gathering information for thorough investigation.

A brief history of electron microscope

The German physicist Ernst Ruska designed the first electron microscope and he was awarded the

Nobel Prize in 1986 for its invention. He was aware that electrons possess a wave like character and so

he planned to treat them in a fashion similar to light waves. Ruska was also aware of the fact that

magnetic fields affect the motion of electrons and the same could be utilized to focus electrons as

optical lenses do to light. After he researched a lot on these facts, he devised an electron microscope.

Ruska was very much aware of the fact that magnification increases with the wavelength of the source

of illumination and electrons have wavelengths shorter than that of light and thus using electrons could

be used in place of light to get higher magnifications. In 1932 Ruska and his master, German physicist

Max Knoll, constructed the first electron microscope that was capable of achieving magnifications to

the order of 400 times. But the instrument was still not fit for practical purposes.

Eli Franklin Burton and students at the University of Toronto, Canada built the first practical electron

microscope in 1938.

All the present day electron microscopes still work on the Ruska’s prototype and his finding that

magnification depends upon the wavelength of the source of illumination. The electron microscope is

an integral part of many laboratories viz. metals, polymers, pharmaceutical, medical biopsy, forensics,

etc.

Principle

When a beam of high-energy electrons falls on the specimen, there is interplay between the electrons

of the beam and the electrons of the specimen, and during this interplay various kinds of scattering

events take place. These scattering events are actually elastic and inelastic collisions between the beam

electrons and the specimen electrons, which give out numerous signals. The elastic scattering

conserves both momentum and energy and includes such scattering events as electron backscattering

and diffraction. On the other hand, the inelastic scattering involves a transfer of energy between the

incident electrons and the material with which it interacts, and results in the generation of secondary

electrons and X-rays. The signals thus generated are detected by special detectors, attached at

particular locations to the microscope, and translated to readable form. The signals produced include:

Secondary electrons, Auger electrons, Transmitted electrons, Characteristic X-rays, Continuum X-rays
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or Bremsstrahlung, Backscattered electrons and Cathodoluminescence. All these signals have different

characteristics and are used to learn different features of the specimen under study, and there are

different types of detectors that distinguish between these signals and acquire only specific signals e.g.

Secondary electron detector, Backscattered electron detector, Energy Dispersive Spectrometer, etc.

Types of electron microscopes

Electron microscopes are divided into two major categories:

§ Scanning Electron Microscope (SEM)

§ Transmission Electron Microscope (TEM)

Although both the types of microscopes share the common principle of using electron beam as a source

of illumination, they differ in the type of signal used for the formation of image. A scanning electron

microscope uses electrons reflected from the surface of specimen under study for the formation of

image where as a transmission electron microscope uses electrons transmitted through the sample

under study for the formation of image. The magnification achieved in case of scanning electron

microscope is limited to around 3,00,000 times where as magnification as high as 20,00,000 times has

been achieved in modern transmission electron microscopes. Maximum magnification that can be

acquired depends upon many factors such as accelerating voltage, geometrical construction of the

instrument, integral components of the microscope, etc.

Other electron microscopes:

§ Scanning Transmission Electron Microscope (STEM)

§ Energy-filtered Transmission Electron Microscope (EFTEM)

§ Reflection Electron Microscope (REM)

§ Scanning Tunneling Microscope (STM)

Scanning Transmission Electron Microscope is actually a specific kind of Transmission Electron

Microscope where electrons transmit through the sample but are scanned across the specimen in a

raster fashion as in a Scanning electron microscope. The principle of Reflection Electron Microscope

(REM) is a combination of principles of light microscope and electron microscope. Though it uses

electrons as the source of illumination, but unlike SEM and TEM where secondary/backscattered or

transmitted electrons are used to form image, it uses reflected beam for the formation of image. REM

is normally united with Reflection High Energy Electron Diffraction (RHEED) and Reflection High-

Energy Loss Spectrum (REELS). Scanning Tunneling Microscope actually comes under the category
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of Scanning Probe Microscope, which in itself is another type of microscopy technique, but it may be

considered a type of electron microscope because ultimately it is electron that is responsible for the

formation of image.  A detailed description of these microscopes and their usefulness is discussed in

this paper but an emphasis is given to Scanning Electron Microscope and Transmission Electron

Microscope because of their popularity and prevalent use in numerous areas.

Scanning Electron Microscope

A scanning electron microscope (refer figure-3) uses a beam of high-energy electrons as a source of

illumination to form an image. A very fine electron beam is focused on the surface of the specimen and

scanned over it in a series of lines and frames called as raster (zigzag network). As a beam of electrons

is highly unstable in normal conditions, it becomes very imperative to have a vacuum chamber to

protect the electron beam from loosing its strength during its journey from electron gun towards the

specimen. Hence, attainment of vacuum becomes a must before starting the generation of electrons and

there must be a strong vacuum system to achieve that low level (around 10-8 torrs) of vacuum. Thus,

vacuum system is the most vital division of a scanning electron microscope. The beauty of the

instrument lies in the quality of the image that it forms. It is capable of forming three-dimensional

images because of its large depth of focus that enables the investigators to understand the morphology

of particle under study.

    Image-1    Image-2

The above images are of a radiolarian taken at same magnification under an optical microscope

(Image-1) and a scanning electron microscope (Image-2). Image-2, taken on a scanning electron

microscope, shows better visibility and sharpness of the image because of large depth of focus whereas

Image-1, taken on an optical microscope, shows blurred image because of very small depth of focus.

The three-dimensional appearance of an image depends on the depth of focus, and larger the depth of

focus better is the image quality.
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Vacuum system: The electron column (comprising the electron gun and the electromagnetic lenses)

when united with the specimen chamber forms the body of the scanning electron microscope. To attain

desired vacuum level in the body of the SEM, two pumps are employed in series: mechanical pump

and diffusion pump or turbomolecular pump. A mechanical pump, usually a rotary pump (shown in

figure-1), works under normal atmospheric pressure condition and lowers down the pressure of the

column to an extent of 10-4 torrs, also it the working range of a diffusion pump. A diffusion pump

(shown in figure-2) further takes the pressure down from 10-4 torrs to 10-8 torrs, which is the

operational range of the scanning electron microscope.

                               Figure-1                   Figure-2

Mechanical Pumps: The mechanical pumps are operational in the range of ambient pressure to a

maximum of 10-4 torrs. On the other hand, the diffusion pumps are operational only in the presence of

the vacuum already created by the mechanical pumps as already mentioned, and has an operational

range of 10-4-to-10-4 torrs. The most common diffusion pump is the oil diffusion pump and the most

common mechanical pump is the rotary vane pump. The rotary vane moves the chamber gas through

the pump using a rotating assembly in the pumping chamber. Typically there are two or more rotating

vanes that move the gas or fluid from inlet to outlet, refer figure-1. Rotary vane vacuum pumps are

positive displacement pumps.

Diffusion pumps: An oil diffusion pump is actually a stainless steel chamber containing a number of

cone shaped jet assemblies. Typically there are 3 jet assemblies (refer figure-2) of diminishing sizes,

with the largest at the bottom. There is a pool of specialized oil with low vapor pressure. The oil is

heated to its boiling and the oil vapors go up the pump column and exit through the jet assemblies. The

exit velocity of the vapor is so high (around 750 mph) the gas molecules present in the SEM specimen

chamber are drawn into the vapor jet stream of the pump due to Bernoulli’s effect. The gas molecules
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are then removed from the base of the diffusion pump through a fore pump and the condensed oil

begins a new cycle.

Figure-3   Schematic view of a Scanning Electron Microscope
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Generation of electrons and formation of beam: Electrons are generated as a result of thermionic

emission when a high potential is applied to the electron gun (refer figure-4). The function of electron

gun is not only to produce electrons but also to focus them into a beam. The electrons generated take

the shape of a beam by selecting electromagnetic lenses that are present in the column of the

microscope. Other lenses further control these electrons as they trek down the column of the

microscope until they reach the surface of the specimen. The diameter of the electron beam (probe

diameter) and the number of electrons (current) have a direct effect on quantity of signals that emerge

out of the sample. Eventually, it’s desirable to obtain a very stable, fine electron beam but containing a

large current. The most commonly used type of electron gun is the conventional triode electron gun.

This is made up of three components which are kept under vacuum in the gun chamber: 1) The

filament or cathode that is held at a negative voltage relative to earth potential, 2) The Wehnelt or grid

that is held at a few hundred volts relative to the cathode, 3) The anode that is positioned at the base of

the gun chamber and held at earth potential.

A very thin piece of wire bent in the shape of a hairpin is heated to around 2700 K by passing a current

through it (the filament current) at which point electrons are thermionically emitted. A high negative

voltage is applied to the filament and to the Wehnelt grid that is held at a slightly greater negative

voltage to bias the gun. The strength of this voltage affects both the form of electrostatic field between

the grid and the filament and also the number of electrons emitted from the filament for a given

filament current applied. The form of the electrostatic field focuses the electrons to a crossover of

diameter between the Wehnelt grid and the anode. The anode is held at ground potential which causes

the electrons from the high negative voltage of the filament to be accelerated towards the anode. The

potential or voltage difference between the filament and anode governs the velocity, energy and

wavelength of the electrons and is called the accelerating voltage. A typical electron gun is shown

below:

Figure-4
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Rastering: The raster/zigzag movement of the electron beam is achieved by means of controlling

current in the scan coils. Scan coils are small coils or wire that carry variable current to regulate the

movement of electron beam.

Types of electron gun

Tungsten hairpin electron gun: A tungsten filament is made from a very thin piece of wire bent in

the shape of a hairpin. It is then heated to around 2700 K by passing a current through it (the filament

current) at which point electrons are thermionically emitted. In order for electrons in the filament to

escape from the material from which it is made, they require sufficient energy to overcome the work-

function energy Ew of the material. The heat supplied by the filament heating current provides this

energy.

The crossover diameter for a tungsten filament is typically 50-100 mm and, therefore, in order to

achieve a probe diameter at the sample of a few nanometers, significant demagnification is required by

the lenses. However the effect of this demagnification by the lenses is to reduce the number of

electrons in the final probe. This is a particular problem when high-resolution images are required

which require small probe diameters.

However, the main advantage of a tungsten filament gun is the excellent current stability that is

essential for accurate X-ray microanalysis. However its disadvantages are its limited lifetime and

brightness.

Lanthanum hexaboride (LaB6) electron guns: The emitting component of the gun is made from a

small piece of single-crystal LaB6. One of the advantages of LaB6 over tungsten is that it has a lower

work function and therefore begins to emit electrons at a lower temperature. Since the lifetime of the

filament is related to the temperature to which it is raised it has a longer lifetime than the tungsten

filament. However, in order to prevent any contamination building up on the surface of the crystal,

which will reduce emission, the gun area needs to be kept under a very good vacuum — better than

needed for a tungsten filament.

Field emission electron guns: There are two types of field emission gun (FEG), cold field emission

and thermally assisted field emission guns, both of which are very high brightness sources. The basic

operation of the FEG is the extraction of electrons from a very fine single crystal tungsten tip, using

the very high local electric field generated between the tip and the extraction anode. This extraction
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anode is held at a voltage V1 and it essentially regulates the emission current. The higher this

extraction voltage, the greater the emission current.

An additional anode is used to accelerate the electrons to the required accelerating voltage and is held

at a voltage known as V0. The tungsten tip is generally mounted onto a hairpin filament. The high

electric field, concentrated at the tip of the source effectively reduces the potential barrier of the

electrons in the material such that they are able to ‘tunnel’ through this barrier and exit the material

without the need to thermally activate them.

These two anodes provide the electrostatic focusing similar to that found in the conventional

thermionic gun arrangement. The electrons are focused to a point or crossover that is then subsequently

demagnified by the lenses in the column onto the surface of the sample.

Scan coils and Rastering: The deflection coils or scan coils in the SEM are situated above the

objective lens in the column and are used to raster the electron beam over a defined area of the sample.

In this way, it is possible to generate information from more than one location of the beam and hence

forms the basis of imaging and mapping in the SEM. Other deflection coils that are commonly found

in the SEM are the gun shift and tilt coils and the image shifting coils, which are used to align the gun

and move the image respectively.

The scanning is achieved by applying current to each of the horizontal and vertical scan coils, so that

the beam is deflected to cover a two dimensional area on the sample. This scanning can either be

digital or analogue. As a result of the interaction of the beam with the sample, a variety of signals are

produced, which may be collected by appropriate detectors to produce information about the

microstructure, topography and composition of the sample.

Image formation: A common signal used for imaging in the SEM is the secondary electron signal.

The raster of the electron beam on the sample is synchronous with that of the electron beam in the

cathode ray tube (CRT) of the monitor. The signals that are emitted are detected and amplified and

used to modulate the brightness of the electron beam in the CRT. In this way, variations in the signal

emitted over the scanned area are displayed as variations in brightness on the CRT, and hence, the

appropriate information can be displayed in image form. Since the area scanned on the CRT is much

bigger than the area scanned on the sample, magnification is achieved.
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Operation of the scanning coils: The scanning action of the beam is achieved by changing the

amount of current through the scan coils so that the beam is moved either continuously (analogue) or

discretely (digital) over the sample (refer figure-5). Current applied to the X scan coils moves the

electron beam in the X direction, and the beam moves in the Y direction when current is applied to the

Y scan coils. Analogue scanning means that the electron beam is continuously scanned over the

sample, whereas digital scanning involves driving the beam to a particular location where it dwells

before being driven to the next point. Since the Y direction always appears vertical on the viewing

CRT, this is often referred to as the vertical and similarly, X direction as the horizontal. The dotted line

on the surface of the sample, as seen in the figure below, is the ‘retrace signal’ that does not appear on

the CRT.

Figure-5

Magnification: The magnification of an electron image is defined as the ratio of the width of the scan

of the electron beam on the monitor to the width of the area scanned on the sample. The effect of

changing this ratio is illustrated in the adjacent interactive diagram. An increase in magnification is

achieved by reducing the width of the area scanned on the sample, since the width of the CRT is fixed.

In this way magnifications of up to 3,00,000 can be achieved, provided all the conditions necessary for

the best spatial resolution have been optimized. Above these magnifications, no greater detail is

observed and greater magnification is often referred to as empty magnification. Theoretically, the

spatial resolution of the SEM in secondary electron image mode is, finally, determined by the size of

the scanning spot. This is influenced by electron optical parameters such as working distance, the

electromagnetic lens settings and the electron gun brightness and also by electronic noise in the X and

Y deflection currents. In practice there are a number of other factors that will influence the spatial

resolution actually attainable from the scanning electron microscope in imaging mode. These include

accelerating voltage, the state of the sample surface, detector position and set up and external
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mechanical vibrations. Spatial resolutions of a nanometer may be obtained with all these conditions

optimized.

Working Distance: The working distance is defined as the distance between the lower pole piece of

the objective lens and the plane at which electrons are focused. The strength of the objective lens

essentially changes this distance. If you change the objective lens strength or ‘the focus’, the working

distance as displayed in millimeters on the microscope monitor will change. In order to obtain sharp

images, the sample height should be adjusted using the z drive of the stage until the image becomes in

focus at the desired working distance. The probe can, therefore, be focused at different working

distances to cope with different sample heights and different operating requirements. However, for X-

ray microanalysis, there is a recommended working distance for optimum X-ray acquisition that is

specific to the geometry of the detector mount on the SEM chamber.

Electromagnetic lenses: In optical microscopes, the ability to focus light is achieved by using glass

lenses. Electron microscopes use electrons as the source of illumination and the ability to focus

electrons in the microscope is achieved using electron lenses. These may be either electrostatic or

electromagnetic and different lenses may be found in different parts of the microscope. For example,

the electrostatic lens at the top of the column in the gun area is responsible for focusing the electrons

that are produced by the source down to a diameter referred to as the virtual crossover. The

electromagnetic lenses found in the column are then used to demagnify this crossover in order to

produce a much smaller diameter probe that is incident on the sample. The strength of an

electromagnetic lens can be varied by adjusting the amount of current that passes through the windings

around the central iron core of the magnet. There are two main electromagnetic lenses found in an

SEM: the condenser and the objective. The condenser controls the number of electrons in the beam

(the current) for a given objective aperture size, and the objective lens is responsible for focusing the

electrons on to the sample.

The construction of a magnetic lens: Figure-6 shows the basic construction of a conventional

electromagnetic lens in cross section. The current that flows through the windings energizes the

magnet. It is the magnitude of this current that determines the strength of the magnetic field in the lens.

Electrons traveling down the column are affected by the field, and under certain conditions, their paths

form helices. The focusing action of these probe-forming lenses is to converge the electrons by

tightening the pitch of their helical paths.
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 Figure-6

Condenser lens: The main role of the condenser lens (refer figure-7) is to control the diameter of the

electron beam and, for a given objective aperture size, it determines the number of electrons in the

beam which are incident on the sample. Up to three condenser lenses are often found in SEMs. The

control that adjusts the strength of the condenser lens differs from one microscope manufacturer to

another and may be termed spot size, resolution or C1 strength. However the result of adjusting any

one of these parameters is to change the magnitude of the current that flows through this lens. The

greater the current, the greater is the lens strength. For an increase in lens strength, the beam diameter

(at the crossover point of the electrons between the two set of lenses) will decrease. In this case the

convergence angle to this crossover point will be greater and therefore, for a given objective aperture

size, fewer electrons will actually reach the sample. This will result in a smaller beam current actually

hitting the sample.

Figure-7
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Objective lens: The working distance is defined as the distance between the lower pole piece of the

objective lens and the plane at which electrons are focused. The strength of the objective lens

essentially changes this distance. If you change the objective lens strength or ‘the focus’, the working

distance as displayed in millimeters on the microscope monitor will change. In order to obtain sharp

images, the sample height should be adjusted using the z drive of the stage until the image becomes in

focus at the desired working distance. The probe can, therefore, be focused at different working

distances to cope with different sample heights and different operating requirements. There is generally

an aperture located in the same plane as the objective lens. The diameter of this aperture may be

varied. The objective aperture therefore controls the number of electrons that reach the sample. It also

controls the final convergence angle of the electron beam onto the sample that hence determines the

depth of field. Greater depths of field can be achieved with smaller convergence angles. A weak

objective lens strength will give rise to a long working distance, whereas strong lens strength will give

rise to a short working distance. Long working distances mean larger probe diameters on the sample,

hence worsening the spatial resolution. However, such conditions will give a better depth of field.

Short working distances should be used to obtain maximum spatial resolution. The diagram above

allows you to interactively change the strength of the objective lens that essentially changes the point

at which the electrons come to focus. In this diagram the surface of the sample is tied with the point at

which the electrons are focused. If there is an EDX detector attached to the side of the SEM chamber,

there exists a recommended working distance for X-ray microanalysis, depending on the angle that the

detector makes with the horizontal. Each arrangement of detector on a particular SEM has a

corresponding optimum working distance.

Electron beam – Specimen interaction: When the electrons of the beam interact with the specimen

then it results in scattering events (elastic and inelastic scatterings). Elastic scattering (elastic collision)

is an event where energy as well as momentum are conserved of the interacting electrons. Such events

result in the emission of backscattered electrons and diffraction. On the other hand, inelastic scattering

involves in transfer of energy between the incident electron beam and specimen and also change in

momentum. Such scattering events result in generation of secondary signals such as x-rays and

secondary electron emission. The interaction also results in the emission of Auger electrons,

Cathodoluminescence and Bremsstrahlung.

Interaction volume: The interaction of the electron beam with the sample is complex in that a whole

host of interaction and scattering events are possible. Such interactions can be divided into two classes:

inelastic, in which electrons are deflected through an angle of typically less than a degree, and elastic

in which there is little or no energy transferred to the material. The Monte Carlo method is a
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mathematical technique that attempts to model the shape of the interaction volume, by simulating a

large number of electron trajectories through the solid. The overall shape of the interaction volume

ultimately determines the shape of the individual production volumes for a variety of signals, such as

characteristic X-ray production, Auger emission and secondary electron emission and, therefore, the

spatial resolution attainable, using these signals. The shape and depth of the interaction volume that

contains the distribution of trajectories is dependent on the beam energy, tilt, and atomic number of the

material. The dominant scattering event (elastic or inelastic) will depend on the atomic number of the

material and the energy of the incident electrons. As described above, elastic scattering will alter the

direction of an electron trajectory, whereas inelastic scattering will result in loss of energy. If the

dominant event is elastic, electrons will tend to scatter away from the incident beam direction, giving

the interaction volume 'width'. On the other hand, if the dominant event is inelastic, electrons will be

less deviated and penetrate into the sample along their original trajectories, but losing energy as they

travel. Figure-8 shows the interaction volume in bulk silicon at 20kV for an untilted sample.

 Figure-8

Monte Carlo Simulation: On entering a sample, energetic incident electrons undergo a number of

complex interactions, both inelastic and elastic, with the atoms of the sample. The resulting maze of

electron trajectories can be modeled, using a form of Monte Carlo simulation. This type of simulation

considers each electron in turn, and maps out its progress through the sample. A random number

generator is used to give a realistic view of how physics and probability alter the trajectory at each

point along its path. A number of parameters can be extracted from such a simulation including the

backscatter coefficient (h), which is determined by counting the number of incident electrons that exit

from the sample surface. A Monte Carlo simulation can also be used to determine the depth

distribution of X-ray production within the sample. This essential parameter is required to calculate the

various matrix effects, such as absorption and fluorescence, which occur as X-rays travel through the

sample. Accurate determination of these matrix effects is required for sample composition to be

determined from measured X-ray intensities. There are a number of Monte Carlo programs available to
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simulate electron trajectories in a sample, each using a slightly different physical model. Regardless of

the model used, the overall 'shape' of the interaction volume generated by the different simulations is

very similar. A large number of trajectories ideally should be plotted in order to obtain a realistic shape

of the interaction volume.

X-rays production volume: The volume of material from which X-rays are produced is known as the

X-ray production volume or X-ray generation volume, the size and dimensions of which depends on

the X-ray line being excited. For example, in the case of lead, the sample volume producing the higher

energy L series X-rays will be smaller and closer to the surface, than the volume where M series X-ray

lines are generated.

Types of Signals

 Figure-9

Secondary electrons: One of the most important and common signals used in the scanning electron

microscope is the secondary electron signal. When an incident beam of electrons penetrates into the

material, a number of scattering events, both inelastic and elastic can occur. One such event results in

the emission of electrons whose energy distribution is typically less than 50eV, but strongly peaked

around 10eV. These electrons are collectively known as secondary electrons. They are outer shell

electrons that have been produced as a result of the inelastic scattering between the incident electrons

and the sample. Since secondary electrons are such low energy, they are only able to escape from the

near surface of the sample, where the spread of the incident beam is minimal. This allows images with

high spatial resolution of the order of the incident beam diameter to be acquired. Changes in signal

level due to secondary electron emission can arise from changes in both topography and composition

of the material making it a particularly powerful imaging mode as a starting point for microanalysis.
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Backscattered electrons: Another commonly used imaging signal in the scanning electron

microscope is the backscattered electron signal. One of the many scattering events that occurs in the

sample results in the backscattering of the incident beam electrons out of the sample. These electrons

have either undergone large angle elastic scattering events in the material, enabling them to approach

the surface with sufficient energy to escape or they have undergone a number of smaller angle

scattering events after which they can eventually exit the sample. The backscattered electrons emerge

with a range of energies, depending on the number and type of scattering events that they have

undergone, prior to leaving the sample. The energy distribution varies smoothly extending from the

primary energy, down to essentially zero. The backscattered fraction that escape is denoted by the

backscatter coefficient , which is itself a function of the atomic number of the material. This

dependence of the backscatter yield with atomic number forms the basis for differentiating between

different phases, thus providing an ideal starting point for further microanalysis. The backscattered

signal is also sensitive to local topography, crystallography, as well as the magnetic field structure of

the material. An understanding of the elastic scattering which goes on inside the material is important,

since it removes energy from the electron beam, which would otherwise have been used to produce X-

rays or secondary electrons.

Auger electrons: The mode by which energy is released when a transition takes place is governed by

the Auger (a) and the fluorescence yield ( ). The fluorescence yield defines the probability of an X-ray

being emitted in preference to an Auger electron:

a +  = 1

For any given shell, the probability that an Auger electron is emitted is greater than X-ray emission for

light elements. If an inner K shell electron is ejected and an electron from the L shell fills this vacancy,

releases energy, and ejects an Auger electron from the L shell, the Auger transition is termed a KLL

transition. Measurement of the energy of the characteristic Auger electrons forms the basis of Auger

spectroscopy. The energies of the Auger electron peaks allow all elements, with the exception of

hydrogen and helium, to be identified since a minimum of three electrons are required for the emission

process.

Cathodoluminescence: Cathodoluminescence (CL) is a term that describes the process of the

emission of electromagnetic radiation in the visible, ultraviolet and infrared regions of the spectrum

when certain materials are bombarded with energetic electrons. These light emitting materials, which

are generally insulators or semiconductors, have filled valence bands and empty conduction bands with

band gaps specific to the material itself. When an incident electron inelastically scatters off the atom,
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electrons in the filled valence band can be promoted to the conduction band, leaving a hole in the

valence band. The band gap energies are, typically, between 2 and 5eV. Electron and hole pairs will

recombine and release excess energy in the form of light or CL. The CL efficiency is determined by

competition between radiative and non-radiative recombination events and, therefore, any imperfection

in the crystal structure, whether chemical or structural, may alter the CL characteristics. The sensitivity

to very small changes in chemistry also make it an ideal imaging technique for observing geological

minerals, where, for example, small changes in rare earth composition lead to a difference in the

cathodoluminescence. Scanning CL thus provides a technique for recording high spatial resolution

images at different wavelengths and spectra, and is a versatile technique for structural and optical

characterization particularly of semiconductors, in both thin epitaxial film and bulk form. Oxford

Instruments Research Instruments Division supply detectors for CL imaging across a broad range of

wavelengths and full spectroscopy systems, which allow spectra and monochromatic CL maps to be

acquired for, for example, semiconductor applications.

Characteristic X-rays: The electrons in an atom are arranged in particular energy levels or shells in

the Bohr model. In X-ray microanalysis we refer to the shell or level closest to the nucleus as the K

shell. Electrons fill this level first. The next closest level is the L shell and then the M and then N shell

etc. Since the K shell is closest to the nucleus it requires the most energy to remove an electron from

this shell. Therefore if a spectrum from an element contains a K, L and M line, the K will be the

highest in energy i.e. furthest towards the right of the spectrum if the scale is defined in units of

energy. When a high-energy electron interacts with an atom, it may result in the ejection of an electron

from an inner atomic shell. This will leave the atom in an ionized or excited state, with a vacancy in

this shell. The minimum energy required to remove an electron from a particular energy level is known

as the critical ionization energy Ec or X-ray absorption edge energy and therefore, for that transition to

occur, the incident electron energy must be greater or equal to the critical energy. The critical energy

has a specific value for any given energy level and is, typically, referred to as the K, L or M absorption

edge. De-excitation can occur by an electron from an outer shell filling the vacancy. The change in

energy or ‘characteristic energy’ is determined by the electronic structure of the atom that is unique to

the element. This ‘characteristic’ energy can be released from the atom in two ways. One is the

emission of an X-ray photon with a characteristic energy specific to that transition, and hence, to the

element. The second way is by releasing so called Auger electrons. The detectors that read these

characteristic x-rays are Energy Dispersive Spectrometer and Wavelength Dispersive Spectrometer and

attached to the microscope for doing chemical analyses along with the image analyses.
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Continuum X-ray emission or Bremsstrahlung: Continuum X-rays or bremsstrahlung (literally

translated as braking radiation) are generated when electrons interact with matter. The emission of

these X-ray photons is a result of the incident electrons decelerating in the field associated with the

atom. This results in counts in the X-ray spectrum in channels between zero energy up to an energy

that corresponds to the value of the incident electron beam energy. The most energetic X-ray seen in a

spectrum, corresponds to an incident electron having lost its entire energy, as a result of the interaction

with the field of the atom, and has an energy whose value is known as the Duane-Hunt limit. If the

sample is not charging, the Duane-Hunt limit has the same value as the incident beam energy.

Environment Scanning Electron Microscope: The ESEM was developed in the mid eighties. Its

primary advantages lie in permitting the microscopist to vary the sample environment through a range

of pressures, temperatures and gas compositions. The Environmental SEM retains all of the

performance advantages of a conventional SEM, but removes the high vacuum constraint on the

sample environment. Wet, oily, dirty, non-conductive samples may be examined in their natural state

without modification or preparation. The ESEM offers high-resolution secondary electron imaging in a

gaseous environment of practically any composition, at pressures as high as 50 torrs, and temperatures

as high as 1500 °C.

Utilities of Environment Scanning Electron Microscope:

§ Gas ionization in the sample chamber eliminates the charging artifacts, typically seen with

nonconductive samples. So the specimens do not need to be coated with a conductive film.

ESEM gets rid of the preparation process.

§ The ESEM can image wet, dirty and oily samples. The contaminants do not damage or degrade

the image quality.

§ ESEM can acquire electron images from samples as hot as 1500ºC, because the Environmental

Secondary Detector (ESD) is insensitive to heat.

§ The detector is also insensitive to light. Light from the sample, for example incandescence from

heated samples, cathodoluminescence and fluorescence do not interfere with imaging.

§ ESEM eliminates the need for conductive coating, so delicate structure, which was often

damaged during the sample preparation, can be imaged.

§ ESEM can acquire x-ray data from insulating samples at high accelerating voltage.

§ Eliminating the need for sample preparation, particularly the need for conductive coating,

makes it possible to investigate specimen in dynamic processes, such as tension, compression,
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deformation, crack propagation, adhesion, heating, cooling, freezing, melting, hydration,

dehydration and sublimation.

Field Emission – Environment Scanning Electron Microscope: As the name suggests, this

electron microscope is a type of Environment Scanning Electron Microscope which has Field

Emission Gun for generation of electron beam for analysis. The ESEM-FEG retains the capabilities

for conventional secondary and backscattered electron detection, and the field-emission source

permits very high resolution imaging of coated or naturally conductive samples under normal high-

vacuum and high-voltage conditions. Various detectors like EDS, WDS, etc., can be attached to

this microscope for elemental analysis at any spot in the specimen under study.

Transmission Electron Microscope

Transmission Electron Microscopes are akin to Scanning Electron Microscopes in principle except that

the electrons transmitted through the specimen are used for the formation of image unlike SEMs where

secondary or backscattered electrons are used for the formation of image.

A brief history: The first practical transmission electron microscope was built by Albert Prebus and

James Hillier at the University of Toronto in 1938 using concepts developed earlier by Max Knoll and

Ernst Ruska in 1932.

Working: TEM equipment is expensive, requiring both a high vacuum and a high voltage electron gun

to enable the electrons to penetrate the sample. Extensive sample preparation is also required for this

technique; samples undergo sectioning, polishing, and ion milling to reach the sub micron thickness

necessary for the transmittance of electrons through the sample. Transmission Electron Microscopes

are operated at 100-400 keV to image thin samples. Elastic scattering is used in the formation of true

electron-optical images by electrons transmitted through the sample. Diffraction contrast dominates

low and medium magnification images. High-resolution images are based on phase contrast.

Assessment of crystal defects is the main application of conventional TEM. The sample is illuminated

by a broad (nearly) parallel beam and the imaging lenses at the other side of the sample form the

image. Magnification has nothing to do with the size of the illuminated area, it is determined by the

imaging lenses. The image is formed on an electroluminescent screen (or film or detector) in a fixed

position in both modes of operation. In imaging mode, the image plane of the objective lens is

projected to the screen. In diffraction mode, the focal plane of the same objective lens (containing a

diffraction pattern) is projected to the same screen.
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An additional class of these instruments is the electron cryomicroscope, which includes a specimen

stage capable of maintaining the specimen at liquid nitrogen or liquid helium temperatures. This allows

imaging specimens prepared in vitreous ice, the preferred preparation technique for imaging individual

molecules or macromolecular assemblies.

Basic construction of a Transmission Electron Microscope

Imaging in TEM: The contrast in a TEM image is not like the contrast in a light microscope image. A

crystalline material interacts with the electron beam mostly by diffraction rather than absorption,

although the intensity of the transmitted beam is still affected by the volume and density of the

material through which it passes. The intensity of the diffraction depends on the orientation of the

planes of atoms in a crystal relative to the electron beam – at certain angles the electron beam is

diffracted strongly, sending electrons away from the axis of the incoming beam; while at other angles

the beam is largely transmitted. Modern TEMs are often equipped with specimen holders that allow the

user to tilt the specimen to a range of angles in order to obtain specific diffraction conditions, and

apertures placed below the specimen allow the user to select electrons diffracted in a particular

direction. A high contrast image can therefore be formed by blocking electrons deflected away from

the optical axis of the microscope by placing the aperture to allow only unscattered electrons through.

This produces a variation in the electron intensity that reveals information on the crystal structure, and

can be viewed on a fluorescent screen, or recorded on photographic film or captured electronically.
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This technique (known as Bright Field or Light Field) is particularly sensitive to extended crystal

lattice defects in an otherwise ordered crystal. As the local distortion of the crystal around the defect

changes the angle of the crystal plane, the intensity of the scattering will vary around the defect. As the

image is formed by the distortion of the crystal planes around the defect, the contrast in these images

does not normally coincide exactly with the defect, but is slightly to one side. It is also possible to

produce an image from electrons deflected by a particular crystal plane. By either moving the aperture

to the position of the deflected electrons, or tilting the electron beam so that the deflected electrons

pass through the centered aperture, an image can be formed of only deflected electrons, known as a

Dark Field image.

In the most powerful diffraction contrast TEM instruments, crystal structure can also be investigated

by High-resolution transmission electron microscopy (HRTEM), also known as phase contrast imaging

as the images are formed due to differences in phase of electron waves scattered through a thin

specimen.

Resolution of the HRTEM is limited by spherical and chromatic aberration, but a new generation of

aberration correctors has been able to overcome spherical aberration. Software correction of spherical

aberration has allowed the production of images with sufficient resolution to show carbon atoms in

diamond separated by only 0.89 Å units and atoms in silicon at 0.78 Å at magnifications of 50 million

times. Improved resolution has also allowed the imaging of lighter atoms that scatter electrons less

efficiently -- lithium atoms have been imaged in lithium battery materials. The ability to determine the

positions of atoms within materials has made the HRTEM an indispensable tool for nanotechnologies

research and development in many fields, including heterogeneous catalysis and the development of

semiconductor devices for electronics and photonics.

Energy Filtered Transmission Electron Microscope (EFTEM): Energy-filtered transmission

electron microscopy (EFTEM) is a technique used in Transmission electron microscopy, in which only

electrons of particular kinetic energies are used to form the image or diffraction pattern. The technique

can be used to aid chemical analysis of the sample in conjunction with complementary techniques such

as electron crystallography.

Principle: If a very thin sample is illuminated with a beam of high-energy electrons, then a majority of

the electrons will pass unhindered through the sample but some will interact with the sample, being

scattered elastically or inelastically (phonon scattering, plasmon scattering or inner shell ionization).

Inelastic scattering results in both a loss of energy and a change in momentum, which in the case of

inner shell ionization is characteristic of the element in the sample. If the electron beam emerging from
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the sample is passed through a magnetic prism, then the flight path of the electrons will vary depending

on their energy. This technique is used to form spectra in Electron energy loss spectroscopy (EELS),

but it is also possible to place an adjustable slit to allow only electrons with a certain range of energies

through, and reform an image using these electrons on a detector.

The energy slit can be adjusted so as to only allow electrons that have not lost energy to pass through

to form the image. This prevents inelastic scattering from contributing to the image, and hence

produces an enhanced contrast image. Adjusting the slit to only allow electrons that have lost a specific

amount of energy can be used to obtain elementally sensitive images. As the ionization signal is often

significantly smaller than the background signal, it is normally necessary to obtain more than one

image at varying energies to remove the background effect. The simplest method is known as the jump

ratio technique, where an image recorded using electrons at the energy of the maximum of the

absorption peak caused by particular inner shell ionization is divided by an image recorded just before

the ionization energy. It is often necessary to cross correlate the images to compensate for relative drift

of the sample between the two images. Improved elemental maps can be obtained by taking a series of

images, allowing quantitative analysis and improved accuracy of mapping where more than one

element is involved. By taking a series of images, it is also possible to extract the EELS profile from

particular features.

Scanning Transmission Electron Microscope (STEM): STEM is a type of transmission electron

microscope with a similar construction except that the beam focuses into a narrow spot that is scanned

over the sample in a raster like a scanning electron microscope. The rastering of the beam across the

sample makes these microscopes suitable for analysis techniques such as mapping by energy

dispersive X-ray (EDX) spectroscopy, electron energy loss spectroscopy (EELS) and annular dark-

field imaging (ADF).

Applications of Electron Microscopes

Scanning Electron Microscope

Metal studies: Metal samples can be examined with the SEM to determine strength in different

conditions such as cold and heat. Experts study the metal from the frame of a crashed airplane to

determine if there was a flaw in the metal that caused the crash. Studies are also done on the metal

before it is used in a plane, car, train, boat or anything that would require a strong metal for reasons of

safety. By studying samples from the hull of the Titanic, scientists were able to discover that the metal

had shattered because the cold water had caused it to become brittle.
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Forensic studies: Police laboratories need SEM's to examine evidence. A SEM can be used to compare

such things as metal fragments, paint, and inks. Hair and fibers can also be examined to prove a

person's guilt or innocence. By comparing a sample found at the scene of a crime to a similar sample

found belonging to a suspected criminal, detectives can closely determine if the samples are a match.

Medical studies: A medical researcher can use a SEM to compare samples of healthy and unhealthy

blood and tissue samples to determine what is causing an illness in a patient. They can also study the

effect of medicine on a patient by observing the differences between the unhealthy patients and those

patients given medicine.

Scientific Research: There are many different areas in scientific research where the SEM can be used.

Any scientist who needs to look at extremely small samples can use the SEM. For example, Biologists

use the SEM to look at plant or animal cells and tissues, Chemists examine microscopic crystals, and

Material Scientists view the structure of metals, ceramics, and plastics. These are only a few of the

ways a SEM can be used for scientific research.

SEM photographs taken at Essar Steel Limited (JEOL JSM 6380)

(1) (2)

Picture-1- It is a secondary electron image that shows complete cleavage fracture of an AISI 430
Ferritic Stainless Steel fractured by dipping a steel sample in liquid nitrogen at –187°C for 10 minutes.

Picture-2- It is an image of iron pellet. It shows the uniform distribution of porosity in the core.
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                               (3)       (4)

Picture-3 – It is an image of fractured surface of an API grade microalloyed steel, fractured in Drop
Weight Tear Test at –20°C. It shows dimple structure which is an indication of ductile fracture.

Picture-4 – It is a secondary electron image of the core of a roll used in finishing stand of a hot strip
mill. The SEM photograph reveals the uniform distribution of graphite in the matrix of iron.

Transmission Electron Microscope

The TEM is used heavily in both material science/metallurgy and the biological sciences. In both cases

the specimens must be very thin and able to withstand the high vacuum present inside the instrument.

For biological specimens, the maximum specimen thickness is roughly 1 micrometer. To withstand the

instrument vacuum, biological specimens are typically held at liquid nitrogen temperatures after

embedding in vitreous ice, or fixated using a negative staining material such as uranyl acetate or by

plastic embedding. Typical biological applications include tomographic reconstructions of small cells

or thin sections of larger cells and 3-D reconstructions of individual molecules via Single Particle

Reconstruction.

In material science/metallurgy the specimens tend to be naturally resistant to vacuum, but must be

prepared as a thin foil, or etched so some portion of the specimen is thin enough for the beam to

penetrate. Preparation techniques to obtain an electron transparent region include ion beam milling and

wedge polishing. The focused ion beam (FIB) is a relatively new technique to prepare thin samples for

TEM examination from larger specimens. Because the FIB can be used to micro-machine samples very

precisely, it is possible to mill very thin membranes from a specific area of a sample, such as a

semiconductor or metal. The HRTEM technique (as discussed earlier) allows the direct observation of

crystal structure and therefore has an advantage over other methods - e.g. there is no displacement

between the location of a defect and the contrast variation caused in the image. However, it is not
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always possible to interpret the lattice images directly in terms of sample structure or composition.

This is because the image is sensitive to a number of factors (specimen thickness and orientation,

objective lens defocus, spherical and chromatic aberration), and although quantitative interpretation of

the contrast shown in lattice images is possible, it is inherently complicated and may require extensive

simulation of the images. Computer modeling of these images has added a new layer of understanding

to the study of crystalline materials.

TEM photomicrographs:

(1) (2)

Picture-1 shows TEM photograph of a SiC-coated multi-wall carbon nano tube treated at 1350°C for
15 minutes

Picture-2 shows the presence of paired-loops dislocations in a nickel based super alloy “C263”

Limitations of Electron Microscopes

Electron microscopes are expensive to buy and maintain. As they are sensitive to vibration and

external magnetic fields, suitable facilities are required to house microscopes aimed at achieving high

resolutions. The samples have to be viewed in vacuum, as the molecules that make up air would scatter

the electrons. Recent advances have allowed hydrated samples to be imaged using environmental

scanning electron microscope. Scanning electron microscopes usually image conductive or semi-

conductive materials best. Non-conductive materials can be imaged by an environmental scanning

electron microscope. A common preparation technique is to coat the sample with a several-nanometer
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layer of conductive material, such as gold, from a sputtering machine; however this process has the

potential to disturb delicate samples. The samples have to be prepared in many ways to give proper

detail, which may result in artifacts—objects that are purely the result of treatment. This gives the

problem of distinguishing artifacts from material, particularly in biological samples. Scientists

maintain that the results from various preparation techniques have been compared, and as there is no

reason that they should all produce similar artifacts, it is therefore reasonable to believe that electron

microscopy features correlate with living cells. In addition, higher resolution work has been directly

compared to results from X-ray crystallography, providing independent confirmation of the validity of

this technique. Recent work performed on unfixated, vitrified specimens has also been performed,

further confirming the validity of this technique.

Summary

Electron microscopy has proven to be a wonderful technique for getting insight into materials that are

too small to be seen by naked eyes. It can be used not only to enlarge an infinitesimal particle but also

to study elemental composition. Both the techniques – scanning electron microscopy and transmission

electron microscopy – have gained popularity in doing investigation in many fields. They find

application in studying characteristics of metals, materials, biological samples, etc. Recently it has

found application in the field of forensic sciences to help police/detectives for resolving critical issues.
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