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TEM
• Transmission Electron Microscope

– Illumination system – gun + condenser

– Specimen stage

– Imaging system – objective + projector

• TEM application – Diffraction

• TEM Imaging Contrast and HRTEM

• Specimen preparation



Transmission Electron Microscope

https://www.ammrf.org.au/myscope/tem/introduction/



Electron gun - Thermionic vs Field
emission gun

FEG has higher current density!



Electromagnetic lens (convex lens)



Electromagnetic lens

Lens Current

Clockwise Anti clockwise



Condenser lenses
C1 => beam size = spot size
C2 => beam intensity = brightness

Spot size/current 111

Intensity/ brightness/Current



Image mode: C2 lens overfocused!



Condenser aperture
Center C2 aperture

C1: normally fixed, not allowed to change
C2: HRTEM and STEM, smaller, normal TEM 2# or 3#, always center
it after change.



Specimen Stage

Eucentric height: the fixed height of specimen on the
optic axis so we can always work at the same
objective-lens current and is located also close to the
tilt axis of the specimen rod, thus when tilt sample it
remains focused.
The central requirement here is the need to define a
reference plane so that our calibrations will be
reproducible. This plane is eucentric plane.

Side entry specimen holder



Image system - Objective lens and aperture

After the electrons pass
through the specimen a
diffraction pattern is formed
in the back focal plane and
then the first image is formed
at image plane.



Image system



Instrument Imperfections, Alignments,
Corrections, and Calibrations
• Spherical Aberration
• Chromatic Aberration
• Astigmatism
• Beam Shift and Beam Tilt
• Depth of Field and Depth of Focus
• Eucentric height - Specimen Height
• Aperture Alignment
• Magnification Calibration
• Camera Length Calibration
• Magnetic Rotation Calibration

TEM instrument is not
perfect, imperfections
always exist in TEM
system. Some of the
imperfections can be

aligned or corrected at
the user level, while

some of them have to be
done by new designs of

the components by
manufactures!



Beam Shift and Beam Tilt

HRTEM needs to have pure
beam shift and beam tilt, then the
pivot point need to be centered
first.



Spherical Aberration

Cs approximately equal to the focal length
of the lens, which for objective lenses in
most TEMs is 1-3mm but in high-resolution
instruments may be well below 1 mm if you
have a Cs corrector.

rsph = CS3



Chromatic Aberration

rchr = CC(E/E0)

Cc like Cs, is a length, approximately equal to
the focal length.

Solution:
• monochromator, which is very expensive;
• thin sample;
• energy filter TEM (EFTEM)



Astigmatism

rast = f
Astigmatism is caused by asymmetrical
field can be corrected by stigmators.

Correct condense astigmatism

underfocused overfocused
Fresnel Fringes



Depth of focus and depth of field
The depth of field, Dob, is measured at,
and refers to, the object plane. It’s the
distance along the axis on both sides of
the object plane within which we can
move the object without loss of focus in
the image.

The depth of focus, Dim, is measured in,
and refer to, the image plane. It is the
distance along the axis on both sides of
the image plane within which the image
appears focused (assuming the object
plane and objective lens are fixed.)



Eucentric height – specimen height

http://www.ammrf.org.au/myscope/tem/background/concepts/imagegeneration/diffraction/eucentric/

• The eucentric position is the
horizontal center of the objective
lens.

• TEMs are set up so that
magnification, camera length, and
correct focus are set to this
reference position. When the
sample height (in the Z-direction) is
set at the eucentric position, one
can tilt the sample around its axis
without the image of the sample
moving across the projection
screen.

• The sample must be set to this
position. To do this first adjusting the
objective lens current to a specific
known setting for a specific voltage
and then the  entire sample holder is
raised or lowered.



Camera-Length Calibration
The magnification of the DP is
described by the camera length
(L). The camera length is a
calculated value rather than a
physical distance.

rd = L



Microscopy and the Concept of Resolution
Rayleigh criterion for visible light microscopy

: point resolution

: wavelength

: refractive index

: semi-angle of the lens
sin  1,   0.61

For TEM the approximate:

 1.22/



The resolution of the electron lens and TEM
Definition: resolution is defined as the minimum-resolvable
distance in the object to be distinguished by the microscope.

1. Theoretical resolution (diffraction limited resolution).
rth = 1,22/

2. The practical resolution due to spherical aberration.
rmin  0,91(CS3)1/4.

3. Specimen-limited resolution duo to chromatic aberration.
rchr = CC(E/E0), rchr  2.5nm, for E=25eV, E=100keV,
=4.5mrad. This is resolution limit in most of case! Thinner is
better!

4. Line resolution or lattice fringes
FFT of HRTEM image, normal TEM 0.1Å, Cs corrected can be

reach 0.01Å.



Electron Diffraction



DF BF

XEDS

EELS

Interaction of Electrons with Matter



Bragg’s law
in vector

When  equals the Bragg angle, B:

KB = 1/d, KB = g

AC+CD = 2dsinB =n



The vector g

ghkl* = ha* + kb* + lc*

g = 1/dhkl

The definition of the (hkl) indices is OA = a/h;
OB = b/k: OC = c/l. the plane ABC can then be
represented as (hkl).

Vector ghkl is normal to the plane
(hkl) and its length is (1/dhkl).



The Ewald Sphere of Reflection
Construction of Ewald
sphere, start from the origin O
of reciprocal-lattice and from
O to have incident vector
length 1/ as a radius to get
the center of Ewald sphere C.

The key point is that when
the sphere cuts through the
reciprocal-lattice point the
Bragg condition is satisfied.

kD could be any vector which
begins at C and ends on the
sphere.

The origin O of reciprocal-
lattice is fixed, not the center
of sphere C, which moves
with incident beam.



Selected-Area Diffraction

• Determination of

crystal structure

• Phase identification,

crystallographic

orientations

• Align the specimen

orientation for imaging.



Indexing of Powder Patterns



Single Crystal Diffraction Patterns

Weiss Zone law



Indexing of Single Crystal Diffraction
Patterns 1. Measure lengths of two

independent shortest reciprocal
vectors r1 (the shortest one) and
r2 (the shortest if available, or the
second shortest one) and angle
between them .

2. Calculate the ratio of r2/r1 (>=1)
and the greatest lattice spacing
d1 using d1=(L)/r1, or using
CCD acquisition software with a
calibration.

3. If the structure is known,
computer all possible zone axis
patterns in order of the ratio of
r2/r1 and angle , and then find
out the indexes of (h1k1l1) and
(h2k2l1).

FCC ZA [011]



TEM imaging

• Scattering contrast or Amplitude Contrast

mass-thickness contrast

diffraction contrast

Thickness and Bending Effects

Planer defects

dislocations

• Phase Contrast Images

high resolution TEM



For eyes > 5-10%, 16 gray level

What is contrast?



Mass-Thickness Contrast Scattering angle 

High contrast
thickness

Mass+thinckness



Diffraction Contrast



Diffraction Contrast - example
Diffraction mode Image mode

Bright Field

Dark Field



Two-Beam Condition - CDF
BF WBDF CDF



The Origin of Thickness Fringes and
Bend Contours – two beam condition

The diffracted intensity is periodic in the two independent quantities, t

and seff. If we imaging the situation where t remains constant but s (and

hence seff) varies locally, then we produce bend contours. Similarly, if s

remains constant while t varies, then thickness fringes will result.

seff effective excitation error g extinction distance



Thickness Fringes
Intensity of both the 0 and g beams
oscillate as t varies. Furthermore, these
oscillations are complementary for the
DF and BF images.

• As a rule of thumb,
when other diffracted
beams are present the
effective extinction
distance is reduced.

• At greater thicknesses,
absorption occurs and
the contrast is reduced.



Bend Contours (Annoying
Artifact, Useful Tool,
Invaluable Insight)



Visible:  ≠ 0 (≠ 2n)
Invisible:  = 0 (= 2n) -> g.R = integer

Brent Fultz , James M. Howe , Transmission Electron Microscopy and Diffractometry of
Materials, Springer-Verlag Berlin Heidelberg, 10.1007/978-3-642-29761-8

Planar Defects
- internal interfaces



Invisibility Criterion: g·R = 0,1,2….

Invisible: g.R = 0 equal g.R =1 or integer
=2n Visible: g.R =1/3 equal g.R = 4/3, g.R
is 0 to 1.



Imaging Strain Field
• The direction and

magnitude of the

Burgers vector, b,

which is normal to the

hkl diffraction planes.

• The line direction,

u (a vector), and

therefore, the

character of the

dislocations (edge,

screw, or mixed).

• The glide plane:

the plane that contains

both b and u.



g.b rule of dislocation
Screw dislocation invisible:g is perpendicular to b



g.b rule of dislocation
Edge dislocation invisible: g is perpendicular to b and g is in glide plane, g
and b and u in sample plane



Example of determination of b

From book: An Introduction to Mineral Sciences



Phase Contrast
HRTEM



The intensity of phase contrast is a sinusoidal oscillation
normal to g’, with a periodicity that depends on s and t.

The Origin of Lattice Fringes – phase
contrast

Two beam condition,
interference of
direction beam and
diffracted beam.



Image  Real Structure

Ideal

Reality



Formation of HRTEM



Scherzer Defocus
Scherzer found that the CTF could be optimized by
balancing the effect of spherical aberration against a
particular negative value of f. this value has come to
be known as Scherzer defocus, fSch which occurs at

Scherzer resolution:



HRTEM example

400kV, f=-45nm



Specimen
Preparation



Safety: be aware of the hazard of using chemicals

Goal of TEM specimen
Electron transparency and representative of material

you want to study

Self-supporting Disk or Use a Grid?



Preparing a Self-Supporting Disk
Initial thinning to make a slice of
material between 100 and 200 m
thick.

Cut the 3-mm disk from the slice.

Pre-thin the central region from one
or both faces of the disk to a few
micrometers.

Final thinning of the Disks

cutting and grinding.

disk cutter using
mechanical punch, or
spark erosion, ultrasonic
drilling and a grinding drill.

Dimpling mechanically
or chemically

Electropolishing, ion
milling.



Cross-Section Specimens



Specimens on Grids/Washers

 Electropolishing – the Window Method for Metals and Alloys

 Ultramicrotomy – biological materials

 Grinding and Crushing – ceramics and minerals

 Replication and Extraction – for study fracture surfaces or

surface topography

 Cleaving and the SACT – graphite, mica and other layer

materials

 The 90 Wedge – semiconductors

 Lithography – electronic materials

 Preferential Chemical Etching – III-V compounds

 FIB – any materials has good conductivity
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