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A Few References:

Principles and Techniques of Electron Microscopy: Biological Applications
 M.A. Hayat CRC Press 1989

Electron Microscopy of Thin Crystals
 Hirsch, Howie, Nicholson, Pashley, Whelan  Kreiger Press 1977

Electron Diffraction Techniques Vols 1 & 2, IUCr Monographs 
 Cowley ed., Oxford Press 1992

Defect Analysis in Electron Microscopy
 Loretto & Smallman , Halsted Press 1975

Transmission Electron Microscopy
 Reimer Springer-Verlag 1989

Transmission Electron Microscopy A textbook for Materials Science
 Williams & Carter  Plenum Press 1996

Introduction to Analytical Electron Microscopy
 Hren, Goldstein, Joy  Plenum Press 1979
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Amplitude/Diffraction vs Phase Contrast Imaging
Conventional TEM vs High Resolution TEM 
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Roles of the Lenses

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

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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CTEM Image generally with underfocused/parallel Illumination 
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Contrast Mechanisms 

Elastic
Amplitude  (Mass/Thickness) Contrast 
 Varying mass of the specimen
 attenuates the beam

Diffraction Contrast
 Scattered beams are removed
 or signal from scattered events
 is used

Phase (Interference)  Contrast
 Scattered beams constructively or
 destructively  intereact with each other

Inelastic 
 Signal derived from probe changing 

energy/momentum in the specimen 
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Elastic Scattered Intensity 
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Amplitude Contrast  to a first approximation images  the  “unscattered”  beam
An aperture is used to  permit only the directly transmitted beam

Amplitude Contrast 

∇2Ψ +
8π 2m
h2

(E +V0 )Ψ = 0

 Ψ0 =C0e
i(K 0 iz0 )

I =Ψ1Ψ1
* = I0 e−Qt

 Ψ1 =C1e
i(K 1iz1)

Z=0

Z=t

V0=0

V0=0

V0=V
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Amplitude Contrast :  Stained Biological Tissue
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Electromigration Voids in”Real Devices”

Amplitude contrast Thick Material
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Phase Contrast results from interference between multiple waves
Large or No apertures used – allows many beams to interact.

Phase Contrast 

∇2Ψ +
8π 2m
h2

(E +V0 )Ψ = 0

 Ψ0 =C0e
i(K 0 iz0 )

I =ΨTΨT
* = I0(1+e−Qt+....)

 

Ψ i =Ci e
i(K i izi )

ΨT = Ψ i∑

V0=0

V0=0

V0=V
Z=0

Z=t
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Contrast Enhanced
With Phase Contrast

Mainly Amplitude Contrast

Non-crystalline samples
Amplitude vs Phase 

Thin Samples
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Phase Contrast is Increased by defocusing
But the “image resolution” degrades due to Fresnel Diffraction

18
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-15 µm -10 µm -5 µm

-2 µm ~0 µm +2 µm

+5 µm +10 µm +15 µm

Underfocus

Overfocus
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Diffraction Contrast
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TEM/HREM Image Interpretation/Calculation
(well beyond a 60 minute lecture)

V (r)

y (r) = S f i

y o

I = |𝜓𝜓∗|
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Bright Field Dark Field
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Bright Field/Dark Field Imaging
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ShiftTiltDeflect
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Bright Field/Dark Field Imaging
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ß
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Common Diffraction Contrast Phenomena
In Crystalline Materials 
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Kinematical Theory of Image (Diffraction) Contrast

1.) Amplitude Contrast
2.) Diffraction into a Beam is small 
3.) Multiple Diffraction Events do not occur
4.) Each point of the specimen can be considered independent 
 of its neigbors (column approximation)
5.) Each slab in the column can be assumed to act as a Fresnel Zone

f0 fg

φ0 =1−φg

φg =
π i
ξg
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Contrast Variation with Thickness

Ig = φgφg
* =

π
ξg
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Edge

TopWedge-shaped
specimen

Bottom1
2 ξg

1
2 ξg1

BF image

Dark fringe at t = 1
2 ξg

Dark fringe

Intensity
0 1 01

Direct
beam

Diffracted
beam

1
2 ξg1

1
2 ξg

Edge

Top

Bottom

1
2 ξg1at t =

I0 =1− Ig

Ig = φg
2
=

π
ξg

%

&
''

(

)
**

2
sin2 π tseff( )
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Reflection Al Cu Ni Au Si Ge

111 56 24 24 16 60 43

200 67 28 28 18 - -

220 106 42 41 25 76 45

311 130 51 50 29 135 76

222 138 54 53 31 - -

400 167 65 65 36 127 66

Reflection Fe Nb Mo

110 27 26 23

200 39 37 32

211 50 46 41

310 71 62 58

Reflection Mg Co Zn Zr Cd

0002 81 25 26 32 24

1-101 100 31 35 38 32

11-20 141 43 50 49 44

1-100 151 47 55 59 52

11-22 171 52 58 59 68

2-201 202 62 70 69 61

fcc

bcc

hcp

Typical Extinction Distances (nm) @ 100 kV

ξg = πVc
cosθ
λF(θ )
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Contrast Variation with Orientation

I0 =1− Ig

Ig = φgφg
* =

π
ξg
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Bend Contours
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Dynamical Theory of Image Contrast 

dφ0
dz

=
π i
ξ0
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R

z z + R
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Simple Linear Defect Stacking Fault

A
B
C
A
B
C
B
C
A
B
C
A
A
B
C
A
B
C
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Howie Whelan Equations

Defect Studies /  Imaging Displacement Fields

s•z  ⇒ s•z  +  g•R(z) 

g• R controls diffraction contrast for crystalline defects 
R(z)= 3D displacement field of the defect 
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g.R = 0, 1, 2 …   No Contrast
g.R < + 2p/3  Oscillitory Contrast 
 Symmetric BF, Asymmetric DF

Planar Defects 

40



10/28/25

21

Zaluzec - 2023

41

41

Zaluzec - 2023

42

Dislocation Images
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R = displacement of the unit cell in the 
area of the defect due to its strain field
g = diffracting vector used in imaging. 

φg =
π i
ξg

$

%
&&

'

(
)) e−2π i(sgz+g

!
iR
"!
)

0

t
∫ dz

ξg = πVc
cos(θ )
λF(θ )
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Contrast of Dislocations due to local changes 
in orientation of planes - recall Bend Contours
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Maximize Contrast with W > 0.
Dark Field Images are Symmetric

BF

DF

BF

DF
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φg =
π i
ξg

$

%
&&

'

(
)) e−2π i(sgz+g

!
iR
"!
)

0

t
∫ dz

ξg = πVc
cos(θ )
λF(θ )

g•R
controls diffraction contrast

for crystalline defects 

R = displacement vector
g = scattering direction

Orientation Dependent
Scattering (Contrast) Studies
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Loretto
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g[hkl] b[hkl] g.b

[100] [100],  [010], [001] 1 , 0 , 0

[110] [100], [010], [001] 1,  1,  0 

[111] [100], [010], [001] 1,  1,  1

[110] [110], [101], [011] 2,  1,  1

[1-10] [110], [101], [011] 0,  1,  -1

0 = Out of Contrast    1 = In-Contrast  2 = Double Contrast

50
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Dislocation Images:  Expt vs Calculation
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Dislocation Images:  Expt vs Calculation
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Dislocation Loops
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Careful Experiments are needed in Loop Analysis 

Williams & Carter

58



10/28/25

30

Zaluzec - 2023

59

HREM 
 Phase Contrast Imaging
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Amplitude/Diffraction
Contrast

Phase
Contrast

Large or No Objective Aperture
Phases/Intensities of Scattered

Electrons are combined to form an Image

Small Objective Aperture
Intensities of either Unscattered

Electrons  or  individual Scattering 
Events are used to form an Image
Intensity from other Beams is lost

60
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• In the high-resolution TEM, the incident electron beam interacts strongly with the 
crystal, forming multiple diffracted beams that are brought together by the objective 
lens so they can interfere to create an image.  

• TEM images are able to depict the projected atom columns because they are 
interference patterns of the directly transmitted beam with beams diffracted from 
the specimen.   

• Structural information from the specimen is encoded in the phase of the scattered 
electron waves [5].  Although the electron phase is not an observable (it is not gauge 
invariant [6]), phase differences can be measured by interference experiments such 
as imaging.  

• At the “optimum” or “extended Scherzer” defocus [7], objective lens  phase shifts 
allow interference of the scattered electron waves exiting     the specimen to turn the 
relative phases of the waves into image peaks mapping the atom positions (at the 
resolution of the microscope). 

 [5] J.M. Cowley, Diffraction Physics (1975) North Holland / American Elsevier.  
 [6] H. Rose, Lectures on Charged Particle Optics, LBNL (2004)
 [7] O. Scherzer, J. Appl. Phys. 20 (1949) 20-29.

Image Formation in the High-Resolution TEM

62
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Simplest HREM Imaging 
2 Beam Lattice 

000 g111
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Zone Axis Images
All the “diffracted beams”  interfere

65

Silicon  {110}  
d<111> = 0.3134
d<220>  =  0.1919
d<002>  =  0.1635

111

220

002

000
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Gold – HREM Images  

Small Variations
 in Orientation and Thickness Significant Variations

 in Orientation and Thickness
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z1
z2

z3

Phase  of the exit wave depends upon the 
thickness &  interference of the diffracted and 
transmitted beams in the specimen.

Dark 
Atoms

White 
Atoms

incident electron wave

phase  shift
propagation

propagation

propagation

propagation

propagation

propagation

propagationphase object
phase object
phase object
phase object
phase object

phase object
phase object

phase object

vacuum
vacuum

vacuum
vacuum

vacuum
vacuum

vacuum phase  shift
phase  shift
phase  shift
phase  shift
phase  shift
phase  shift
phase  shift
phase  shift

( )10
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Silicon {110} – Variable Thickness
Amorphous Material at Edge
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STO/LMO 

Thick

Thin
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Excellent Clean Surface!

1 nm

Not So Clean!
(but in reality not “bad”)

STO/LMO Si

70
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Phase Contrast Change 
with thickness and with defocus

D focus

D 
th

ick
ne

ss
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http://www.jems-saas.ch

To interpret HREM you MUST calculate the EXIT wave function 
then compare with experimental  images

72
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Si3N4

Atomic Model          Projected Potential          Interaction / Wave Function

V(r) y (r)⇒ ⇒

74
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V (r)

yT (r) = S f i

y o

Electron
Optical

Transfer
Function

y (r) = yT (r)  * T (Df, q, a)
I (r) =  |yy*|

q
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Imaging Lenses  Introduce Phase Shifts due to:

€ 

χ1(θ)= −
2π
λ
Cs
θ
4

4
Spherical Aberration  (Cs)

TC (θ,Δf ) = exp i χ1+χ2( ) = exp i −
2π
λ

Cs
θ 4

4
+Δf θ

2

2
#

$
%

&

'
(

)
*
+

,+

-
.
+

/+
Contrast Transfer Function

Defocus (Df) χ2 (θ,Δf ) = −
2π
λ
Δf θ
2

2

Δf = − 1,2 Csλ
Scherzer Defocus 

ET = exp −
π 2

λ 2
(Δu)2θ 4

#
$
%

&
'
(

Chromatic Aberration (Cc)
(Temporal Coherence)

Δu= Cc
ΔV
V

"

#
$

%

&
'
2

+
2ΔI
I

"

#
$

%

&
'
2

+
ΔE
E

"

#
$

%

&
'
2(

)
*
*

+

,
-
-

1/2

€ 

TR =TC . ET . ESTotal / System Transfer Function

Spatial Coherence
(Beam Convergence)

E
J x
xS =

2 1 ( ) x =2πα Δf θ
λ
+ λCs − iπ (Δu)

2#$ %&
θ 3

λ 2
'
(
)

*
+
,

ψE (
q)T (q,Δf )Wave Function at the Detector Plane
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Calculated Images (JEMS – P. Stadelmann)

78
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Phase Transfer in the High-Resolution TEM

Phase Contrast Transfer Function shows strength of transfer into image

Scherzer Resolution
Information Limit

End of transfer is the microscope’s “information limit”

Δf ≈ − 1.2 Csλ

δ ≈ 0.67Cs
1/4λ3/4

Same-sign transfer defines microscope resolution

 in the “thin WPOA” Negative PCTF  = Dark Atoms on Light Bgnd  

in the “thin WPOA”  Positive PCTF  = Bright Atoms on Dark  Bgnd 
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Temporal & Coherence Envelope Effects

Temporal Coherence =  2 E l / DE 
Spatial Coherence = l / 2a 

80
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70 um SS 3 30 um SS 3

Coherence of  the Source Improves your Images at High Resolution

81
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Information Delocalization
Different Diffracting Beams are Brought to Focus

At Different Locations due to Aberrations of the Objective Lens 

Pt-Co Catalysts

Delocalization : R = | C5 l5 g5 + C3 l3 g3 + l Df g | max

82
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What are the limitations in Elastic/Inelastic Imaging & Spectroscopy ? 

The source and solution
to “resolution limitations” has
been known for nearly 50 years

83
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EM Imaging
w / wo Image Corrector

PCTF ACTF

C1 -8 nm
C3 25 um
C5 -2mm
Cc 300 um
Eo 300 kV

C1 -84 nm
C3 2.7 mm
C5 -2mm
Cc 2.7 mm
Eo 300 kV

C1 -1 nm
C3 10 um
C5 2mm
Cc 300 um
Eo 200 kV

5 10 15 20

-1.0

-0.5

0.5

1.0

5 10 15 20

-1.0

-0.5

0.5

1.0

5 10 15 20

-1.0

-0.5

0.5

1.0

5 10 15 20

-1.0

-0.5

0.5

1.0

5 10 15 20

-1.0

-0.5

0.5

1.0

5 10 15 20

-1.0

-0.5

0.5

1.0

Using  df, Cs, Cc now have a new tool  for  Manipulating Contrast
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Light Microscope

Electron 
Microscope

R
es

ol
ut

io
n 

(Å
)

0.1

1

10

100

1000

104

105
1800 1840 1880 1920 1960 2000 2040

Aberration-corrected EM

d (Å)

point res.

uncorrected

Cs corrected

First Generation Corrected Instruments
Cs Only
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Hyperspectral  Imaging  & Spectroscopy
A view  from the Trenches

Where are the  game changers? 
• Cs Correction is now routine !
• Cc Correction is it important ? 

– exists only at limited number of  Institutions 
– wrt to resolution has largest impact on lower voltages
– What else does aberration correction impact – Contrast!
 

Argonne Chromatic Aberration-
corrected TEM (ACAT)
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Amplitude vs Phase Contrast Imaging

89
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• To get information beyond Scherzer resolution requires a “correction” of 
the phase changes introduced by spherical aberration.

• Correction may be by hardware, or by software such as focal-series 
reconstruction of the exit-surface wave. 

• Early focal-series reconstruction methods used simple linear combinations 
of image intensities at different spatial frequencies to correct for spherical 
aberration and extend microscope resolution.  

CS Correction is Phase Correction
HREM “Phase Contrast”

is the most common mode 

90
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Contrast  Transfer function

C1: defocus - Df
C3: Spherical Aberration Coefficient 
C5, C7: Higher Order Aberration Coefficients 
Information limit: 

temporal coherence ® Cc, DE

Et: damping envelope of 
temporal coherence

Es: damping envelope of 
spatial coherence

Cs corrected

Contrast & Information Transfer: TEM

Tphase q( )= sin
2π( )
λ

1
2
C1λ

2q2+ 1
4
C3λ

4q4+ 1
6
C5λ

6q6+1
8
C7λ

8q8
!

"
#

$

%
&

!

"
#

$

%
&∗Et ∗Es;

Tamplitude q( )= cos
2π( )
λ

1
2
C1λ

2q2+ 1
4
C3λ

4q4+ 1
6
C5λ

6q6+1
8
C7λ

8q8
!

"
#

$

%
&

!

"
#

$

%
&∗Et ∗Es;

Phase

Amplitude
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C1 = df
C3 1.5 -> 0.1 mm
Cc ~ 1.5 mm
C5 ~  - 2 mm

Aberration Correction  &
Conventional HREM 
– Phase Contrast

92
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C1  = df
C3  ~ 10 µm
C5 ~  - 2 mm
Cc  ~ 1.5 - 0.5 - 0.1 mm

Phase Contrast Imaging
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Df  = -257 nm; R = 1.4 nm          Df  = -68 nm; R  = 4.4 nm                Df  = -12 nm; R  = 0.1 nm 

Si

CoSi2CoSi2

Si

2 nm

Uncorrected : Cs = 1.2 mm

CoSi2

1 nm

Si

Corrected : 
Cs = 0.05 mm

B. Kabius, S. Mantl
Argonne, Juelich: ~1997
CM200

focus of least confusion                           Scherzer defocus                                 Scherzer defocus (AFI)

Aberration Free Imaging
Influence of Contrast Delocalization

Delocalization : R = | C5 l5 g5 + C3 l3 g3 + lC1 g | max

94



10/28/25

48

Zaluzec - 2023

95

Cs/Cc Aberration Corrections also  further helps to minimizes delocalization

STO-LMO

DRcoe = lg(C1+ CcDE/E0 + Cs(lg)2+C5(lg)4)
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Dark 
Atoms

White
Atoms

Thickness

Positive Phase Contrast Imaging
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Positive Phase Contrast Imaging

Very thin
samples

are not easy
or

common
Dt
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FFT of Amorphous Carbon to adjust Stigmators

Good

Poor
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Scherzer Focus using FFT Which Image is in Focus

“1st Dark FFT Ring”  at the Periphery of the FFT
 ⇒ Maximizing the information transfer

99
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Ultra High Resolution is not “trival” even with a Corrector 

Sample must be very thin and the alignments both
of the instrument and the specimen excellent

Thick & Just out 
of Alignment

Thin &  
Aligned

(but not perfectly)

….. and for UHREM direct structural correspondence
is not common  ⇒you should expect to do an image simulation/calculation !!!

Si
{110}
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Direct structural 
interpretation of 
phase contrast
imaging is most 
cases elusive.

Iterative image 
simulation is almost 
always  required.
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JG Wen  ANL Electron M icroscopy Center

HREM Image Simulation

102

HREM image simulation using 
JEMS with multislice method. 
Major simulation parameters 
are: Cs: 3 µm, C5: -1.79 mm, 
Cc = 1 µm. Thickness: 10 nm, 
defocus: 3nm. Energy spread: 
0.8 eV. 

The Ba/O columns show dark 
contrast in the middle 
surrounded by white ring, while 
the Ca/O columns are 
opposite. Note the Ba/O or 
Ca/O columns at interface 
show different contrast as 
inside sublayer due to the 
mixture of Ba and Ca.  

BaO

TiO2

BaO

CaO

TiO2

CaO

TiO2

CaO

TiO2

TiO2

BaO

[110] [110]
_

[001]

0.5 nm

Expt Calc
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Negative Cs Imaging – NCSI  

C3 ~ - 40 µm,  df ~ + 10 nm @ 200 kV 

White (Bright) ATOMS
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NCSI Direct Structural Mapping is interpretable only when t < ~ 6nm

t
Df 12nm 11nm 10nm 9nm 8nm 7nm

12.78nm

11.12nm

9.45nm

7.78nm

6.11nm

4.45nm

C3 = - 40 µm, Cc = 1.5 mm Yellow zone outlines 
conditions for DSM 

Very little to no atomic number contrast
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STEM HAADF Imaging of (BaTiO3)4/(CaTiO3)4 Ferroelectric Superlattice along [110] 

HAADF shows high quality of the superlattice film with good Z contrast among Ba, Ca, and 
Ti columns. Oxygen columns are not observed. No superstructure is observed. STEM – HAADF Images 

can also include “Z-contrast”

There are other contrast mechanisms in your “tool box”
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Electron M icroscopy Center

106

extinction distance 

a, a constant
d, distance between successive 
     atoms along column
Z, atomic number
B, Debye-Waller factor

Schematic diagram of electron channeling

Light                        Heavy
Example s of extinction distances

Amplitude Contrast Imaging Technique Sensitive to Channeling

Channeling Theory
When crystal is aligned along zone axis, the interaction of electrons with an atom column is very 
strong. Due to the strong electrostatic potential of the atoms , an atom column acts as a channel for 
the incoming electrons. By passing through successive atoms, the electron wave oscillates along 
channeling direction as shown below. This oscillation length, called extinction distance, is a function of 
the average mass density of the column, depending on chemical composition and zone axis. 

As shown in the right figure, different atoms have different extinction distance. The intensity of atom 
columns oscillates depending on thickness. Defocus can change the phase of the oscillation. 

A. Wang, F.R. Chen, S. Van Aert, D. Van Dyck, 
Ultramicroscopy, 110 (2010) 527. 
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C1 = df
C3 ~ 0.1 mm
Cc ~ 1.5 mm
C5 ~  - 2 mm

Beyond  NCSI-  With access to Cc we can use the Aberration Coefficients  as 
adjustable parameters to adjust/optimize imaging conditions – 
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C1  = df
C3  ~ 3 µm
Cc  ~ 10 µm
C5 ~  - 2 mm

Tuning  C1/C3/Cc

Amplitude Contrast
Imaging  (ACI) 
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JG Wen – ANL Electron Microscopy Center

ACI – Imaging  of  Ferroelectric 4x4 Superlattice - CaTiO3 / BaTiO3

109

Amplitude Phase

t =10 nm

t =8.9 nm

t =7.8 nm

t =6.7 nm

t =5.6 nm

t =4.5 nm

t =3.4 nm

t =2.3 nm

Ba Ca Ba Ca

!"

#"

#"

!"

#"

!"#$

[110] 
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TEM vs  STEM

Why Bother??

110


