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Microscopy 
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Electron microscopy, SEM
Scanning electronmicroscope = SEM

The first microscope was built by Max Knoll in 1935. 
The first commercial SEM was built in 1960. 
Since then it is popular, more than 100000 is used in the world. 
The SEM creates the image in a serial way, from point to point. 

The source is similar than in the TEM, however the beam
is not parallel, but it is is focussed into the sample. 
The maximal energy of the electrons is usually Emax = 30 keV, 
and it can be adjusted (down) in most of the microscopes. 

Source

The diameter of the beam on the sample in the case of the best
microscopes is about ~ 0.7-0.8 nm. 
The beam is scanning the surface of the sample line by line.

In the SEM we can use the secondary electrons (SE), 
the backscattered electrons (BSE) and the characteristic 
X-ray photons for creating the image. 

Electron beam

Detected signals
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Electron microscopy, SEM
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Electron gun  

Incandescent Cathode, the material is usually tungsten (W) operated at 2300 oC
or lanthanum-hexaboride (LaB6) operated at 1500 oC. 
The vacuum needed by this source is: (10-3 - 10-5) Pa ~ [(10-5 - 10-7) torr].

Field Emission Guns, usually with W  tip, operated at RT. 
The vacuum needed by this source is much higher: 10-8 Pa ~ [10-10 torr].

Electron microscopy, SEM
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Electron microscopy, SEM

In the novel SEM machines we use often field emission
source with thermal heating (Schottky source).

Electron gun  

The electrons leaving the cathode are accelerated by electric field to the needed 1 – 30 keV
energy. 
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Electron microscopy, SEM
Electron optics  

The condenser lens is forming the
electrons into a parallel or slightly
convergent beam with the desired
width and intensity.

The scanning coils are deflecting the
beam in x-y direction and define the
scanned region on the sample. 

The objective lens is forming the
final convergent beam focussed into
a small circular spot on the sample.

Apertures can also be used to limit
the width of the electron beam. 
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Electron microscopy, SEM
Correcting for aberrations of magnetic lenses  

Example for the correction of astigmatism in the case of opal structure:
(a) ast.-in focus, (b) ast.-underfocus, (c) ast.-overfocus, (d) ast. corrected-
in focus
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Electron microscopy, SEM
The principle of the imaging

The beam is scanning the surface of the sample.
It is controlled by a scanning generator.

The same generator controls the intensity of the pixels
of the screen point by point.

The intensity of the „products” of the beam (electrons or X-ray photons) is
detected by special detectors. The signal of the detector modulates the
intensity of the points of the screen. 

If the emission of the surface of the sample is changing, than we see this
change on the screen.

The energy of the „products” coming from the surface
of the sample is different and they are coming from
different depth and volume.

This is determining the resolution together with
the diameter of the electron beam.
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Electron microscopy, SEM
Magnification

The magnification of the SEM is determined mainly by the geometrical properties.

l
LN 

Maximal (useful) magnification:

E.g. in the case of H=40 cm, n= 103 and d = 1 nm: N = 4·105.

Depth of field (or depth of focus):


r2D 

pKrN2 

N
K
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Kp is the pixel size of the screen.

Here α is the half angle of view (WD: working distance).
The beam with diameter 2r can be seen as a single 
point on the screen, until its magnified image falls into
one pixel of the screen (2r and α determines the depth D).

We can see that the smallest is the magnification, the greatest is the
depth of field. e.g. for Kp = 0,1 mm, and α = 10-2

if N = 103:    D = 0,01 mm = 10 μm.
if N = 105:    D = 10-4 mm = 0,1 μm. 

Nmax=
screen length

sample scan line length=
H
nd

α= apertureWD
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Electron microscopy, SEM
Example for 3D appearance of SEM images because of high depth of field
at lower magnifications (pollen grains):
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Electron microscopy, SEM
General properties of the operation of SEM
-  We can examine thick samples too.
-  It needs less preparation than the TEM samples. 
-  We have to remove the impurities from the surface of the sample before examination.

    -  During the SEM examination the surface of the sample is charged. We need to eliminate
    the charges in order to avoid artifacts.
  
    In the case of conductor samples the charges are eliminated through the sample holder
    which is connected to the ground. 
  
    In the case of insulator samples there are several possibilities for eliminating the charges:
    
    1.  the surface of the sample is often doped with a thin Au or C layer. The C layer has an
    advantage: since the C contains less electrons, it generates less X-ray background.

2. using low vacuum in the sample chamber (together with low voltage).

Example for using high vacuum
or low vacuum (60 Pa) in the case of
BSE imaging of hair sample.



22

Electron microscopy, SEM
Example for Monte-Carlo simulation of electron trajectories (Maletz et al., 2005):

The range of penetration is increasing with the energy of the electron beam.

Typical values at 30 keV beam energy:

SE depth: 5-50 nm
BSE depth: 1-2 μm
char. X-ray depth: 5 μm
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Electron microscopy, SEM
Secondary Electrons (SE) are generated by the collision of the incoming electrons
and weakly bonded electrons from outer shells of the sample. There can be more
SE, than PE.

The typical SE energy is low <50 eV, therefore they can reach the surface only
from a few nm depth (topographical information is obtained).

There are SE generated by the direct beam (SE1) with a resolution limited only by
the beam size. The BSE generated SE (SE2) are coming from a larger volume.
The BSE can also generate SE (SE3) outside the sample.

SE1 SE2 SE3
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Electron microscopy, SEM
The BSE and consequently the SE2 yield increases with the atomic number Z,
especially at lower energies.

The SE yield strongly depend on the local curvature of the material, this gives
 a contrast.
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Electron microscopy, SEM
BSE yield in different materials by Monte-Carlo simulations (Goldstein et al., 2017):

The BSE yield is strongly increasing with the atomic number Z, this is more
pronounced than in the case of SE.
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Electron microscopy, SEM
Backscattered Electrons (BSE) are elastically or inelastically scattered electrons
leaving the sample at the primary beam side. There are much more multiple
scattered electrons (BSE2) than single scattered (BSE1).

The BSE energy is high (close to the original beam energy). There are fewer BSE,
than SE.

The BSE images have lower resolution compared to SE and show mainly Z-contrast.

BSE1 BSE2
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Electron microscopy, SEM
The resolution of SEM

The resolution depends on the diameter of the beam and on the size of the
region from which the detected signal is coming.

The typical SE resolution is 0.7 nm – 5 nm.

The typical BSE resolution is 10 nm – 5 μm.

The resolution also depends on the type of electron gun. The best resolution (0.4 nm) can
be achieved by using Schottky source, smaller apertures, aberration corrected electron
optics, lower beam energies and a special SE detector configuration (in lens detector and
very small WD).

The magnification of SEM

The typical used SEM magnification is 10-100000.

The best SEM magnification is about 3 million times (which is far from the best
TEM magnification = 50 million times). 
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Electron microscopy, SEM
SE and BSE detectors used in SEM:
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Electron microscopy, SEM
Properties of the SE image

We use this in most of the cases.

The energy spectrum is broad, but the mean is low (E < 50 eV). 

These electrons can reach the surface only from small depth (~ 0,1 nm).
The secondary electron image contains mainly information from a thin layer
near the surface, therefore it is mainly used for morphology. 

Because of their small energy, it is simple to collect the secondary electrons using a simple
Everhart–Thornley detector. 

A property of the SE image is that in the case
of low magnification, the depth of field is large. 
In this case we can obtain 3D quality images. Image of a zeolite crystal, N= 4·104  



30

Electron microscopy, SEM
Properties of the BSE image

The energy of the backscattered electrons is relatively large (E ~ 10-30 keV), their collection
is harder, than in the case of the low energy secondary electrons. 

The BSE detector is usually a ring shaped semiconductor detector placed around the beam,
or simply a conductor ring.

In the case of backscattered electrons, the excited region is larger than the diameter of the beam,
therefore the maximal resolution is smaller than in the case of secondary electrons. 

The BSE yield strongly depends on the atomic number of the scattering atom. Therefore
the BSE image shows the so called Z-contrast. 

In this image we see an Al sample containing Zr inclusions.
The BSE and SE image is shown from the same region.

In the bottom in the SE image we see the surface morphology,
in the upper BSE image showing Z-contrast, we clearly see
the Zr inclusions.
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Electron microscopy, SEM
X-ray photon detection

Using an X-ray detector, we can detect the X-ray photons induced by the electron beam. 
The energy of the X-rays is characteristic to the source atom. 

The obtained spectrum characterizes the atomic composition
of the sample
. This is the basis of the energy dispersive X-ray
microanalysis = EDX. 

EDX spectra for YBa2Cu3O7  high temperature
superconductorExample for creating an element map

BSE electron image X-ray element map
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FEI Quanta 3D SEM/FIB

The device of ELTE TTK Materials Science Center:
           FEI (Philips) Quanta 3D SEM/FIB
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