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Transmission Electron Microscopy

Conventional 
Imaging

High 
Resolution

Imaging

Diffraction

1

Zaluzec - 2023

2

Imaging and Diffraction – an example

500 nm

Al-Cu-Sn Alloy – BF TEM image

1/0.2 nm

Al-Cu-Sn Alloy – Diffraction Pattern

Image gives microstructure DP gives average atomic structure

2



10/28/25

2

Zaluzec - 2023

3

Electron Diffraction 
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Note the locations
of the various
Apertures. 

Optimum aperture
sizes are needed 
for various
imaging functions. 

Most TEM/STEM
have 7-9 Lenses

1     Gun Lens
2-3  Condensers
1     Objective
1-2  Intermediate
1-2  Projectors

Most instruments
Have Electromagnetic
Round Lenses

Exception: 
Aberration Corrected 
Systems

Gun Lens

Helps form probe

Condenser Lens

Mainly controls:
Spot Size 

hence total beam 
current

Objective Lens

Mainly controls 
Focus, 1st Magnification

Diffraction/Intermediate 
Lens

Controls Mode

Projector Lens

Magnification

Roles of the Lenses
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Note the locations
of the various
Apertures. 

Optimum aperture
sizes are needed 
for various
imaging functions. 

Most TEM/STEM
have 7-9 Lenses

1     Gun Lens
2-3  Condensers
1     Objective
1-2  Intermediate
1-2  Projectors

Most instruments
Have Electromagnetic
Round Lenses

Exception: 
Aberration Corrected 
Systems
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Projects/Magnifies
the Diffraction Pattern
(Back Focal Plane) 

• The TEM in unique in 
that we  can carry easily 
carry out  imaging and 
diffraction in the  same 
instrument

• This is carried out by 
adjusting the strength 
of the Intermediate 
lenses in the 
projection  system

Other instruments 
can do this but
it is much more 
difficult!

Projection/Imaging System 

Projects/Magnifies
the Image 

(Image Plane) 
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Electron Diffraction 
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   Elastic Scattering from Single Atoms  

ao = Bohr Radius ~ 0.52917 Å
Eo = Accelerating Voltage (kV)
z  = Atomic Number
fx = x-ray scattering factor
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R = Average Interatomic Spacing

Diffraction Principles :  Real Specimen
Scattering from a collection of an amorphous collection of atoms

 - neighboring atoms give rise to interference 

Amorphous
Silica (SiO2)
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R = Average Interatomic Spacing

Scattering from an collection of an amorphous collection of atoms
 - neighboring atoms give rise to interference 

Amorphous
Silica (SiO2)

9

Zaluzec - 2023

10

Ordered
Crystalline

Disordered
Amorphous

Non-Crystalline
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Solid State Order/DisOrder/Amorphization/ Studies

P.C. Liu, P. R. Okamoto,

A

B

A

B
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7 Crystal
Systems

14 Bravais 
Lattices
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Periodic Structures 
Create Constructive/Destructive Interference

Young’s Slit
interference
Experiment

20
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POD = nl = 2dsin(q)

Simple Geometrical Description  of Bragg's Law

l
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0 10 20
Scattering Angle [mR]
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Elastic

Plasmon

Phonon

Unscattered

Inner-Shell

Elastic Scattering : Crystalline Solids                                                                  

I (θ) ~ F(hkl ) 2 

F (hkl ) = f j θ  exp (-2πi g •r)∑
j

( )

V(r) = - Vgexp (2πig.r)∑
g

?
  ;   Vg= h2

2πmVe
 f(θ)
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Polycrystalline vs  Disordered/Amorphous 
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Rdhkl = l L

Rhkl (mm) hkl dhkl - spacing 
(nm)

lL
(nm-mm)

10.3 111 0.2338 2.409
11.9 200 0.2025 2.409
16.8 220 0.1432 2.406
19.7 311 0.1221 2.405
20.6 222 0.1169 2.408

Average= 2.407 nm-mm

dhkl =
ao

h2 + k2 + l2

Example 

Camera Length Calibration
Aluminum  Polycrystalline Specimen

ao= 0.40497 nm

R

28
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Au PolyCrystal
200 kV

Rhkl (pixels) hkl dhkl - 
spacing 

(nm)

lL
(nm-pixels)

130.5 111 0.2355 30.73
151 200 0.2039 30.78

213 220 0.1442 30.72

250 311 0.1230 30.75

263 222 0.1177 30.77
Average= 30.75
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POD = nl = 2dsin(q)

Simple Geometrical Description  of Bragg's Law

l
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Silicon Diffraction Patterns
CL = 470 mm
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Ri Ri/R1 Allowed
hkl

1 130.6 1 111 1

2 154.0 1.18 200 1.15

3 213.0 1.64 220 1.63

4 253.2 1.93 311 1.92

hi
2

+ ki
2

+ li
2

h0
2

+ k0
2

+ l0
2

1

2

3

4

Indexing using d-spacing Ratios

Si {110}
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Diffraction Space is related to Real Space

Ordered BCC

BCC

38
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Kikuchi Lines

40
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Kikuchi Lines

• Inelastically scattered electrons are Bragg Diffrated by 
lattice planes

• Range of orientation of scattered electrons gives rise to 
two cones of Diffraction

• Projection of the cones creates a “pair” of Kikuchi lines

41

Zaluzec - 2023

42

42



10/28/25

22

Zaluzec - 2023

43

43

Zaluzec - 2023

44

44



10/28/25

23

Zaluzec - 2023

45

How do Apertures & Condensor Lens affect Diffraction
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Convergent/Parallel  Beam Electron Diffraction 
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Nearly Parallel Non-Parallel / Convergent Beam
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Obtaining ~ Parallel Illumination 
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Place an aperture in the Image Plane  this defines 
an area back projected onto the specimen
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Limits of Conventional SAD

Conventional SAD uses an aperture to define the area from which the 
pattern is to be recorded.  The aperture is placed in the image plane of 
the objective lens to create a virtual aperture in the specimen plane (Le 
Poole 1947).   The spatial resolution in SAD is limited by both spherical 
aberration and the ability of the operator to focus the aperture of the and 
the image in the same plane.  The error in area selection U is given by:

U=Cs(2qB)3+D2qB

where:  Cs= spherical aberration coefficient
  qB= Bragg angle
  D= minimum focus step.
The result is that the theoretical lower limit of area 
selection is ~0.5µm (in practice governed by aperture size).

J.B. Le Poole, Philips Tech. Rundsch 9 (1947) 33.

Why CBED?     Why not SAD?
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a1

a2

a1 > a2

Overfocus
i > i0

 

Focus
i0

 

Underfocus
i < i0

 

Focal Plane

Object Plane

Underfocus is more “parallel” than Overfocus
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Notice, loss of definition of
weak reflections !
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M23C6  [110]

Eades / Bristol Group
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Silicon 
{110}

Structure in CBED patterns is
Dependant upon 

Extinction/Thickness 
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CBED is extremely
sensitive to orientation
and is the best way to
set the exact orientation

Si [111]

Si [111]
Off axis
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Unfiltered Elastic

1st Plasmon2nd Plasmon

Silicon 111 ZAP- Energy Filtered
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Thick Specimens needed for Kikuchi Patterns
and Intensity oscillations in the CBED disks
But…. this also introduces diffuse scattering
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Calculated Intensity in Diffraction Disk
as a function of relative thickness 

under two Beam Dynamical Conditions
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Theoretical Considerations for
Thickness Measurement

Convergent beam diffraction discs are maps
of diffracted intensity as a function of incident
wave angle and therefore have a direct
correspondence to a rocking curve. In the
two-beam approximation the rocking curve
for the diffracted intensity is given by
(Hirsch et al. 1965):

(1)
Where:

s is the deviation parameter, xg is the
extinction distance and   z the foil thickness.

f 2

f 2 = sin2 bpDkz

b = tan-1( 1
sxg

) Dk =
1+ (sxg )2

xg

"Electron Microscopy of Thin Crystals",
Hirsch et al (1965).
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P.M. Kelly et al.,
Phys. Stat. Sol. 
(1975)A31, 771.

Differentiation with respect to s reveals that
the minima of in equation (1) obey the
relationship:

(2a)
and the maxima obey the relationship:

(2b)
Also, s=0 is always either a maximum or
minimum.  Kelly et al. (1975) expressed
equation (2a) as:

(3a)

It is evident that a plot of against

in a two-beam condition yields a

straight line with intercept and slope

of .  This is the basis of the CBED

thickness measurement technique that is
now well known.

f
2

Dkz = integer

tanpDkz = pDkz

( si
nk
)2 = -(

1
x
)2( 1
nk
)2 + (

1
z
)2

( si
nk
)2

( 1
nk
)2

(1
z
)2

(1
x
)2
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Si  <220>  @ 200 kV
a=0.543 nm
t~ 280 nm  x ~ 125 nm
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2θd

(sixk')
2=-(1

ξ
)2( 1xk')

2+(1z)2

(sink
)2=-(1

ξ
)2( 1nk

)2+(1z)2

Δθ2
Δθ1

Δθ3
Δθ4
Δθ5

Δθ$1

Δθ$2
Δθ$3

Δθ$4
Equation for sequence of
maxima where:

si=1
d2
Δθ$ i

2θd

Equation for sequence of
minima where:

si=1
d2

Δθi
2θd

€ 

si =
λ
d2

Δθ
2θd

€ 

si =
λ
d2

Δθ
2θd Intercept

(sink
)2=-(1

ξ
)2( 1nk

)2+(1z)2

Points for minima open squares

(sixk')
2=-(1

ξ
)2( 1xk')

2+(1z)2

Points for the maxima filled circles

1
z2

Slope =- 1
ξ2
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Generally done in STEM mode
as you scan over an area
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But only measures Crystalline Thickness
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Ewald Sphere is a tangent to the
dotted line of reciprocal lattice points.

High Energy Electron  Case.

k

Very Large Radius
Ewald Sphere.

Diffracted Intensity Falls off with
angle because of Ewald Sphere

68
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Laue Zones
• At a zone-axis orientation, the reflections in the 

diffraction pattern break up into zones called Laue 
zones

• The central zone is called the zero-order Laue zone
• The first ring is called the first-order Laue zone   -  

and so on
• The first-order, second-order, third order (and so 

on) are known collectively as the higher-order Laue 
zones
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HOLZ
• HOLZ is the acronym for higher-order Laue zone
• The rings of reflections outside the central, zero-order 

Laue zone are the HOLZ
• Because the narrow, dark, straight lines in the bright 

field disc are associated with diffraction into a HOLZ 
reflection, they are known as HOLZ lines

• Do not confuse HOLZ with HOLZ lines
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HOLZ spacings

SOLZ

FOLZ

ZOLZ

Ewald
Sphere

k=1/λ

ZOLZ or Zero Layer.

Formation of
HOLZ rings.

H

G1

G2

H

If H2 → 0
G1 = 2kH
G2 = 2 kH

72



10/28/25

37

Zaluzec - 2023

73

Details of CBED  Holz lines are sensitive
to both crystal structure and operating conditions
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113 kV 100 kV

Details of CBED  Holz lines are sensitive
to both crystal structure and operating conditions
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FFT of an Image is NOT a Diffraction Pattern !!!

Si/Ge MultiLayer

FFT

It is a Power Spectrum
of the frequencies in

the Image 
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