FYS 4340/FYS 9340

Diffraction Methods
& Electron Microscopy

Lecture 9

Imaging — Part |

Sandeep Gorantla

%) UiO ¢ University of Oslo
% Centre for Materials Science and Nanotechnology (SMN)




Imaging
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Abbe’s principle of imaging
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Abbe’s principle of imaging

A diffraction pattern is always formed at the back focal plane of IMAGING MODE DIFFRACTION MODE
the objective (even in OM). To view this diffraction pattern one Electron Source Electron Source
has to change the excitation of the intermediate lens. A higher
strength projects the specimen image on the screen, a lower
strength project the DP.

s Condenser Lens ¢ Condenser Lens

Specimen Specimen

The optical system of the TEM: The objective lens
simultaneously generates the diffraction pattern and the first
intermediate image. Note that the ray paths are identical until the
intermediate lens, where the field strengths are changed,

y  Objective Lens

depending on the desired operation mode. A higher field strength
(shorter focal length) is used for imaging, whereas a weaker field

Focal Plan of Chjective
{Back Focal Plane)

Focal Plan of Objective
{Back Focal Plane)

strength (longer focal length) is used for diffraction.

First Intermediate Image First Intermediate Image

Intermediate Lens Intermediate Lens

Contrast enhancement requires mastering the TEM both in
diffraction and imaging modes...

FProjector Lens

Diffraction Pattern
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How does an image in FOCUS look like in TEM???

WHEN YOU ARE IN FOCUS IN TEM THE CONTRAST IS MINIMUM
IN IMAGE (AT THE THINNEST PART OF THE SAMPLE)
(A) (B) | (€) |

L— Object <«——ObjeCt m—

< Lens > >
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_____ N L N Image |
plane
i OVER FOCUS FOCUS UNDER FOCUS
Overfocused Focused Underfocused DARK NO BRIGHT
lens fens fens FRINGE FRINGE FRINGE
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FRINGES OCCURS AT EDGE DUE TO FRESNEL DIFFRACTION

Courtesy: D.B. Williams & C.B. Carter, Transmission electron microscopy
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Basic imaging mode: Bright field

optic axis

objective aperture

diffraction pattern

bright field image

In the bright field (BF) mode of the TEM, an
aperture is inserted into the back focal plane
of the objective lens, the same plane at
which the diffraction pattern is formed.

The aperture allows only the direct beam to
pass. The scattered electrons are blocked.
Dark regions are strongly dispersing the
light. This is the most common imaging
technique.

UiO ¢ University of Oslo

<422y Centre for Materials Science and Nanotechnology (SMN)



Basic imaging mode: Dark field

(used usually only for crystalline materials)

optic axis

objective aperture

diffraction pattern

dark field image

In dark field (DF) images, the direct beam is
blocked by the aperture while one or more
diffracted beams are allowed to pass trough
the objective aperture. Since diffracted
beams have strongly interacted with the
specimen, very useful information is
present in DF images, e.g., about planar
defects, stacking faults, dislocations,
particle/grain size.
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Interaction of Electrons with the specimen in TEM

Incident
high-kV beam

Electro

ns have both

wave and particle nature

Typical specimen thickness

‘Absorbed’ Electron-hole
electrons » pairs / ~ 100 nm or less
_~7Scattered beam (Bragg’s scattered ¢e’)
Specimen | ——>Direct beam (Forward scattered €)
v Bragg’s scattered e

Coherently scattered electrons by the atomic
planes in the specimen which are oriented with respect
to the incident beam to satisfy Bragg’s diffraction condition

Courtesy: D.B. Williams & C.B. Carter, Transmission electron microscopy
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Bright Field and Dark Field TEM image formation

Simplified Ray diagram of TEM imaging mode

Diffraction Pattern
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Example of Bright Field and Dark Field TEM

Bright Field TEM image Dark Field TEM image
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Contrast mechanisms

The image contrast originates from:

Amplitude contrast

« Mass - The only mechanism that generates contrast for amorphous
materials: Polymers and biological materials

« Diffraction - Only exists with crystalline materials: metals and ceramics
Phase (produces images with atomic resolution)

Only useful for THIN crystalline materials (diffraction with NO change
In wave amplitude): Thin metals and ceramics

% UiO ¢ University of Oslo
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Mass contrast

o ] Incident
e Mass contrast: Variation in mass, Lower beam
thickness or both P e | |
Higher
. . . it mass
e Bright Field (BF): The basic way of thickness
forming mass-contrast images
e No coherent scatterin iecti
g Q\\ Y/ e
Objective
Y \ . Aperiure

Mechanism of mass-thickness contrast in a BF image.
Thicker or higher-Z areas of the specimen (darker) will
scatter more electrons off axis than thinner, lower mass
(lighter) areas. Thus fewer electrons from the darker region
fall on the equivalent area of the image plane (and v
subsequently the screen), which therefore appears darker

Image plane

in BF images.

Intensity
profile
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Mass contrast

* Heavy atoms scatter more intensely and at higher
angles than light ones.

» Strongly scattered electrons are prevented from
forming part of the final image by the objective
aperture.

* Regions in the specimen rich in heavy atoms are
dark in the image.

« The smaller the aperture size, the higher the
contrast.

* Fewer electrons are scattered at high electron
accelerating voltages, since they have less time to
interact with atomic nuclei in the specimen: High
voltage TEM result in lower contrast and also
damage polymeric and biological samples

llluminating
electron beam

N

Objective
aperture

Strongly scattered
electrons are
caught by the
objective aperture
and grounded to
earth

Specimen

/

Unscattered or weakly
scattered electrons go
on to create the image
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Mass contrast

Bright field images
(J.S.J. Vastenhout, Microsc Microanal 8 Suppl. 2, 2002)

.on
—
Os04 stained ABS copolymer. 0303 + RuO4 stained POM / ABS /
TFPU blend.

Stained with OsO, and RuO, vapors
Os and Ru are heavy metals...

In the case of polymeric and
biological samples, i.e., with low
atomic number and similar
electron densities, staining helps
to increase the imaging contrast
and mitigates the radiation
damage.

The staining agents work by
selective absorption in one of the
phases and tend to stain
unsaturated C-C bonds. Since
they contain heavy elements
with a high scattering power, the
stained regions appear dark in
bright field.
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Mass contrast

Bright field: Typical image of a stained biological material
faculty.une.edu
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Diffraction contrast
Bright field

Incident beam

Diftracting Y YY

If the sample has crystalline areas, many plaﬂes\_x\ :
electrons are strongly scattered by Bragg \\ \ speciiiett
diffraction (especially if the crystal is oriented Objective

along a zone axis with low indices), and this lens

area appears with dark contrast in the BF
image. The scattered electron beams are

deflected away from the optical axis and Transmitted Diffracted
blocked by the objective aperture, and thus beam beam
the corresponding areas appear dark in the —

BF-image Objective aperture

Bright Field Imaging
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Diffraction contrast
Dark field

Dark-field images occur when the objective aperture is positioned off-axis from the transmitted beam
in order to allow only a diffracted beam to pass. In order to minimize the effects of lens aberrations,
the diffracted beam is deflected from the optic axis,

Incident beam Tilted Incident
. beam Diffracting
Diffracting Y Y Y TN planes
planes v B x \ —
v . S N .
m R N speciimnen .i‘ . ‘\ specimen
N\ =N
Objective | Objective |24
leng- lﬂ&:
; 4
j
H"n Diffracted
Transmitted Ib acte Diffracted
v/ €I
beam )/ beam
== Objective '
\ aperture / \ Objective aperture
Off-axis Dark Field On-axis Dark Field

One diffracted beam is used to form the image. This is done with the same aperture which is displaced. However,
as these electrons are not on the optical axis of the instrument, they will suffer from severe aberrations that will
lower the resolution. If an inclined beam is used, the diffracted beam will be at the optical axis, i.e., aberration are
minimized. This is not required is aberration corrected instruments.
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Two-beam conditions

The [011] zone-axis
diffraction pattern has many
planes diffracting with equal
strength. In the smaller
patterns the specimen is
tilted so there are only two
strong beams, the direct
000 on-axis beam and a
different one of the hkl off-
axis diffracted beams.
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Diffraction contrast
Bright field images (two beam condition)

When an electron beam strikes a sample, some of the electrons pass directly through while
others may undergo slight inelastic scattering from the transmitted beam. Contrast in an image
is created by differences in scattering. By inserting an aperture in the back focal plane, an
image can be produced with these transmitted electrons. The resulting image is known as a

bright field image. Bright field images are commonly used to examine micro-structural related
features.

Two-beam BF image of a twinned Crystalline defects shown in a two-
crystal in strong contrast. beam BF image

20



Diffraction contrast
Dark field images (two beam condition)

If a sample is crystalline, many of the electrons will undergo elastic scattering from the various (hkl)
planes. This scattering produces many diffracted beams. If any of these diffracted beams is allowed
to pass through the objective aperture a dark field image is obtained. In order to reduce spherical
aberration and astigmatism and to improve overall image resolution, the diffracted beam will be
deflected such that it lies parallel the optic axis of the microscope. This type of image is said to be a
centered dark field image. Dark field images are particularly useful in examining micro-structural
detail in a single crystalline phases.

Two-beam DF image of a twinned crystal in Crystalline defects shown in a two-
strong contrast. beam DF image

¥ UiO & University of Oslo
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the excitation error or deviation parameter

Ewald
[ sphere
/
> Observed
> intensity
s<0 i s<0
Other notation
>9's = ()<———Intensity (Williams and Carter):
| \-\.\7\ K:kD'k|:g +S
s>0 S s>0
Relrod~_, i
......................... A L--.-.----:A-

The relrod at g,,, when the beam is AB away from the exact Bragg condition. The Ewald sphere
intercepts the relrod at a negative value of s which defines the vector K = g + s. The intensity of
the diffracted beam as a function of where the Ewald sphere cuts the relrod is shown on the
right of the diagram. In this case the intensity has fallen to almost zero.

UiO ¢ University of Oslo
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Kikuchi lines

Useful to determine s...

s>0

Excess Kikuchi line on G spot
Deficient line in transmitted spot

UiO ¢ University of Oslo
y Centre for Materials Science and Nanotechnology (SMN)
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Diffraction contrast

As s increases the defect images become narrower but the contrast is reduced:

(A) (B) (C)

125 nm /
2

Variation in the diffraction contrast when s is varied from (A) zero to (B) small
and positive and (C) larger and positive.

Bright field two-beam images of defects should be obtained with s small and positive.
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More on planar defects
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dynamical scattering for 2-beam conditions
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Coupling: interchange
of intensity between
the two beams as a
function of thickness t
for a perfect crystal

Originates thickness
fringes, in BF or DF
Images of a crystal of
varying t
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dynamical scattering for 2-beam conditions

EEEEEER

Co o <

Intensity

Image

The images of wedged samples present series of so-called thickness fringes in BF or DF images

(only one of the beams is selected).

: B Uio$ University of Oslo
48 J; y\Eentfre for- KMatedals Science and Nanotechnology (SMN)
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dynamical scattering for 2-beam conditions

The image intensity varies sinusoidally depending on the thickness
and on the beam used for imaging.

FIGURE 24.1. (A) BF and (B) DF images from the same region of a
FIGURE 24.10. The contrast of thickness fringes in a two-beam BF wedge-shaped specimen of S1 at 300 kV tilted so that g(220) is strong. The
image decreases when the effect of anomalous absorption is included. penodicity and contrast of the fringes are smilar and complementary in
Note that the defects are still visible when the fringes have disappearedat ™ S
athicknessof —5 L.

Reduced contrast as thickness 2-beam condition
increases due to absorption A: image obtained with transmitted beam (Bright field)
B: image obtained with diffracted beam (Dark field)

i) UiO 2 University of Oslo FYS 4340/9340 course — Autumn 2016
Wl Seatrrdf Oarteeialp aince and Nanotechnology (SMN) 28




Planar defects under two-beam conditions

(@)

J

(b)

The upper crystal is considered fixed
while the lower one is translated by a
vector R(r) and/or rotated through
some angle 6 about any axis, V.

In (a) the stacking fault does not disrupt
the periodicity of the planes (solid
lines).

In (b) the stacking fault disrupts the
periodicity of the planes (solid lines).

% UiO ¢ University of Oslo
% Centre for Materials Science and Nanotechnology (SMN)




Planar defects under two-beam conditions

Two-beam condition and no thickness variation: , , . ,
A phase shift proportional to g.R is introduced in the

coupled beams

d‘llo '
\P +—\P exp (2/4Sz+2.R
" 9&0 gg g exp(27sz+279.R)

dWg T .
=—V¥ +—T0e — 271S2+279.R
L Xp ( z+279.R)

depth af which dark fringes
produced by phase factor 2wg. R

Additional phase: F— 4
S =7
a — 27_c g . R 0/ /

A -
s

top

> — — — =/ bottom

Invisibility for: a=0,2m, 4m... -

dislocation
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Planar defects under two-beam conditions

g\ ' B /F\;
A
%;/// Invisible g.R = 0 or even integer

—
A
(&)
B /Rv
M Visible g.R # 0
A : (max contrast for 1 or odd integer)
(o)

from two invisibility conditions: g,xg,: direction of R!
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Imaging strain fields
(typically dislocations)

(quantitative information from 2-beam conditions)

D ' ;
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Dislocations

Edge dislocation:

— extra half-plane of atoms inserted
In a crystal structure

— b L to dislocation line Edge

dislocation
line

Dislocation movement: slip

Edge

line

Burgers vector
b

¥ UiO & University of Oslo
% Centre for Materials Science and Nanotechnology (SMN)
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dislocations
Burgers circuit

Definition of the Burgers vector, b, relative to an edge
dislocation.

(a) In the perfect crystal, an m X n atomic step loop closes at
the starting point.

(b) In the region of a dislocation, the same loop does not close,
and the closure vector (b) represents the magnitude of the
structural defect.

In an edge dislocation the Burgers vector is perpendicular to
the dislocation line.

The Burgers vector is an invariant property of a dislocation (the
line may be very entangled but b is always the same along the
dislocation)

The Burgers vector represents the step formed by the

(a)

‘x

\ /
L\\i////

(b)

dislocation when it slips to the surface.

%) UiO ¢ University of Oslo
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Imaging strain fields

. 1
(hkl) planes diffra%: 17(th) planes diffract
°©c © OO ®@ © 0 o
-G O G

The specimen is tilted slightly away
from the Bragg condition (s # 0). The
distorted planes close to the edge
dislocation are bent back into the
Bragg-diffracting condition (s = 0),
diffracting into G and —G as shown.

%) UiO ¢ University of Oslo
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Imaging strain fields
T
at M1k

_______________________k___

R S R S R R S R R R

Intensity
1 | BF for Schematic profiles across the
G excited dislocation image showing that
- the defect contrast is displaced
. s from the projected position of
o - . ~———e LD USINE G

O _ il = the defect. (As usual for an
Projected position edge dislocation, u points into

4___~ of dislocation

the paper).




Imaging strain fields
The g.b rule

Only the planes belonging to g, are affected by

the presence of the dislocation.

Applying g.b:

g.b#0
gz.b = O =" )
g;:b=0 - =<4

d, 03=0

\' A

Invisibility criterion: g.b =0

from two invisibility conditions: g, X g,: b direction

W i)

=¢7=-8¢ UiO ¢ University of Oslo

= f f fl-n a g
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Imaging strain fields

Determination of b from the visibility conditions of the
strain field associated with dislocations

Top Diffracting planes _\
Due to some stress )
relaxation complete gzl 1 +g
invisibility is never achieved N =
for edge dislocations, unlike o
screw dislocations [t

u®
Bottom C Glide plane

Invisibility criterion: g.b =0

from two invisibility conditions: g, X g,: b direction

%) UiO ¢ University of Oslo
£ Centre for Materials Science and Nanotechnology (SMN)




Imaging strain fields

Direction of g in the diffraction patlern gives an indication of the direction of
displacement of the dislocalion contrasl

(A—C) Three strong-beam BF images from
the same area using (A) {11-1 } and (B, C)
{220} reflections to image dislocations
which lie nearly parallel to the (111) foil
surface in a Cu alloy which has a low
stacking-fault energy.

(D, E) Dislocations in Ni;Al in a (001) foil
imaged in two orthogonal {220} reflections.
Most of the dislocations are out of contrast
in (D).

Williams and Carter book

¥ UiO & University of Oslo
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Imaging strain fields

Weak beam = kinematical approximation

Before we saw for 2-beam condition:

2 . 2
wt\  sin (;rrts_ ) 1
e (fg) X where:  Serp = |57 :

(tsers)’ TS

For g

Weak-beam imaging: make s large (~0.2 nm')

Now lg is effectively independent of &g -i.e. beam coupling
“kinematical” conditions!

=> dark-field image intensity easier to interpret

Ewald
_sphere

¥ UiO & University of Oslo
% Centre for Materials Science and Nanotechnology (SMN)
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Imaging strain fields

In general we need to tilt both
the specimen and the beam to
achieve weak beam conditions

Bright field

Dark field

Dark field
Weak beam

diffracted beam

Ewald
sphere

reciprocal
0 9 lattice plane

) UiO ¢ University of Oslo
% Centre for Materials Science and Nanotechnology (SMN)
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Imaging strain fields

Two beam BF WBDF

Fig. 7.41. Dislocations in Si. Left: BF image in two-beam condition with strong
(220) diffraction. Right: g-3g WBDI image with weak (220) diffraction. Compare
the intensities of the active diffractions (circled in inserts). After [7.9]

Williams and Carter book

N UiO ¢ University of Oslo e . : : |
Y Centre for Materials Science and Ngﬁcﬁgcgﬁg%yfegﬁ“)detans easier to interpret!




Imaging strain fields, In summary:

visible invisible
a i i IS
e e P a2
j / / / / — 5 ——————— |
—_ T T
) —— = "
=
—
Irlt. l \' Int. l \.
w,_
Bright field ‘ f‘ Bright field
W Dark field ] .
—p / Weak beam
L cogen SN T e o + =, x
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Phase contrast

optic axis

objective aperture

diffraction pattern

lattice image

Contrast in TEM images can arise due to the
differences in the phase of the electron waves
scattered through a thin specimen.

Many beams are allowed to pass through the
objective aperture (as opposed to bright and dark
field where only one beam pases at the time).

To obtain lattice images, a large objective aperture
has to be selected that allows many beams to pass
including the direct beam.

The image is formed by the interference of the
diffracted beams with the direct beam (phase
contrast). If the point resolution of the microscope is
sufficiently high and a suitable crystalline sample is
oriented along a low-index zone axis, then high-
resolution TEM (HRTEM) images are obtained.

In many cases, the atomic structure of a specimen
can directly be investigated by HRTEM

UiO ¢ University of Oslo

% Centre for Materials Science and Nanotechnology (SMN)
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Phase contrast

Generally speaking, there exists within the field of electron microscopy of materials a distinction
between amplitude contrast methods (bright and dark field imaging) and phase contrast methods
(‘lattice’ imaging):

« If only a single scattered beam is accepted by the objective aperture of the microscope, no
interference in the image plane occurs between the different beams and amplitude contrast is
generated by the interception of specific electrons scattered by the aperture. This method offers
real space information at a resolution of the order of a nanometer, which can be combined with
diffraction data from specific small volumes, enabling the analysis of crystal defects by what is
known as Conventional Transmission Electron Microscopy (CTEM).

« If the objective aperture accepts a number of beams, their interference, resulting from phase
shifts induced by the interaction with the specimen, produces intensity fringes generating what is
called phase contrast. Since this mechanism can reveal structural details at a scale of less than
1 nm, it can be used to produce ‘lattice’ images. Phase contrast represents the essence of High-
Resolution Transmission Electron Microscopy (HRTEM) and allows, under appropriate
conditions, to examine the atomic detail of bulk structures, defects and interfaces.

A UiO ¢ University of Oslo
% Centre for Materials Science and Nanotechnology (SMN)
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Phase contrast

An atomic resolution image is formed by @,
the “"phase contrast" technique, which EXDel‘fmema] Imagé % ey ey
exploits the differences in phase among the -(mterference- pattem, T Rl R
various electron beams scattered by the § I ' ; .f' ey :
THIN sample in order to produce contrast. at-tl-Cﬁ 'mag-e') : '. oLy,

.
»
»
..
. »
.
»
.

Diffraction pattern

A large objective lens aperture allows the L LTS
: Y shows which beams

transmitted beam and at least four
diffracted beams to form an image.

Simuiated Jma

Courtesy : ETH Zurich

A UiO ¢ University of Oslo 46
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Phase contrast

e However, the location of a fringe does not necessarily correspond
to the location of a lattice plane.

e So lattice fringes are not direct images of the structure, but just
give information on lattice spacing and orientation.

e |mage simulation is therefore required.

%) UiO ¢ University of Oslo
% Centre for Materials Science and Nanotechnology (SMN)
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Some of the Microstructural defects that can
be imaged with Phase Contrast

" UiO ¢ University of Oslo
iy Centre for Materials Science and Nanotechnology (SMN)
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stacking faults
Stacking faults

For FCC metals an error in ABCABC packing sequence
— Ex: ABCABABC: the local arrangement is hcp

— Stacking faults by themselves are simple two-dimensional defects. They
carry a certain stacking fault energy g~100 mJ/m?

LA AL VA AU L A

Perfect sequence
<110> projection of
fcc lattice

S5H0S0HS00 50550500
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Phase contrast

Example of easily interpretable information: Stacking faults viewed edge on

Stacking faults are relative displacements
of blocks in relation to the perfect crystal
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Phase contrast

‘\\\\\ Example of easily interpretable information: Polysynthetic twins viewed
edge on
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#7=_B UiO 8 University of Oslo
W @27/ Centre for Materials Science and Nanotechnology (SMN)




Phase contrast

Example of easily interpretable information:

The spinel/olivine interface viewed edge on
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Phase contrast

Example of easily interpretable information:
Faceting at atomic level at a Ge grain boundary

F

5 nm

Williams and Carter book
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Phase contrast

Example of easily interpretable information:
misfit dislocations viewed end on at a heterojunction between InAsSb and InAs
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Phase contrast

Example of easily interpretable information:
misfit dislocations viewed end on at a heterojunction between InNAsSb and InAs

Direct use of the
Burgers circuit:

Burgers vector
of the
dislocation
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Resolution in HRTEM
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Resolution of an optical system

Rayleigh criterion

« The resolving power of an optical system is limited by the diffraction occurring at the optical path every
time there is an aperture/diaphragm/lens.

« The aperture causes interference of the radiation (the path difference between the green waves
results in destructive interference while the path difference between the red waves results in
constructive interference).

* An object such as point will be imaged as a disk surrounded by rings.

« The image of a point source is called the Point Spread Function

Resolution Limit Imposed by Wave Nature of Light

Point Source Point Source

Point spread function (real space)

Airy Discs

Objective >
Aperture

! (a) l ! (b) ' (c)

Intensity Distributions

10 Units 18 Units . . - 2 points 2 points
Slit Viewing screen 1 point
Imaged Spot Size Imaged Spot Size g
(High NA) (Low NA) resolved unresolved

UiO ¢ University of Oslo
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Resolution of an optical system

Diffraction at an aperture or lens - Rayleigh criterion

The Rayleigh criterion for the resolution of an optical system states that two points will be resolvable if the
maximum of the intensity of the Airy ring from one of them coincides with the first minimum intensity of the
Airy ring of the other. This implies that the resolution, d, (strictly speaking, the resolving power) is given by:

dy= 0.6A/(n.sinp)= 0.6ANA

The Rayleigh Criterion

where A is the wavelength, n the refractive index

Airy Disk 1 Airy Disk 2

and p is the semi-angle at the specimen. NA is the
numerical aperture.

This expression can be derived using a reasoning
similar to what was described for diffraction
gratings (path differences...).

Intensity

When d, is small the resolution is high!
Figure 4

UiO ¢ University of Oslo
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Resolution of an optical system

http://micro.magnet.fsu.edu/primer

Diffraction at an aperture or lens — Image resolution

Airy Patterns and the Limit of Resolution

A o Unresolved

~
Resolved -

I.\

0y

Patterns —

3-Dimensional
Point Spread

Function

N
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Aperture and resolution of an optical
system

Diffraction spot
on image plane
= Point Spread Function

Intermediate
Obijective Tube lens iImage plane

e AL
Rl

Back focal plaﬁe aperture
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Aperture and resolution of an optical
system

Diffraction spot
on image plane
= Point Spread Function

Intermediate
Objective Tube lens Image plane

o

ample |1 |
SplI J \

S

Back focal plaﬁe aperture
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Aperture and resolution of an optical
system

Diffraction spot
on image plane
= Point Spread Function

Intermediate
Objective Tube lens Image plane

[
|

Sample |

oy

Back focal plaﬁe aperture
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Aperture and resolution of an optical
system

Diffraction spot
on image plane
= Point Spread Function

Intermediate
Objective Tube lens Image plane

/
Sample /é

T
J |
N \

Back focal plaﬁe aperture
The larger the aperture at the back focal plane (diffraction plane), the larger « and
higher the resolution (smaller disc in image plane)
a = light gathering angle
n = refractive index of sample

NA = n sin(«) where:
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New concept:
Contrast Transfer Function (CTF)
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Optical Transfer Function (OTF)

1 —

OTF(k . .y
_ N Resolution limit

Image
contrast

(Spatial frequency,
periods/meter)

Korg

] l l
m\L U

Kurt Thorn, University of California, San Francisco

Observed
image

’f‘“'\b’ \:1 °
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Definitions of Resolution

1 - OTF(K)
As the OTF cutoff frequency
1/K o
= 0.5 1/NA
kI
As the Full Width at Half Max
(FWHM) of the PSF
— FWHM
= 0.353 1 /NA

As the diameter of the Airy disk : ;
(first dark ring of the PSF) —

= "Rayleigh criterion Airy disk diameter

Kurt Thorn, University of California, San Francisco =~ 0.61 1 /NA

ﬁ UiO 8 University of Oslo
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Resolution Criteria

0.6A/NA

Founer plane

object image plane
/ e

Aberration free systems

Rayleigh’s
description

Abbe’s
description
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Images can be considered sums of waves

... or “spatial frequency components”
one wave another wave (2 waves)

F

(25 waves) (10000 waves)

FYS 4340/9340 course — Autumn 2016 g9




reciprocal/frequency space

To describe a wave, specify: A wave can also be described
by a complex number at a point:

Frequency (how many periods/meter?) >+ Distance from origin

Direction >+ Direction from origin

Amplitude (how strong is it?) R

»+ Magnitude of value at the point
Phase (where are the peaks & troughs?) « Phase of number

complex
A
ky
o< = (K, k)
| kx
/v‘\‘ \\
peﬂod
Kurt Thorn, University of California, San Francisco
9 UiO 8 University of Oslo FYS 4340/9340 course — Autumn 2016 70
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The Transfer Function Lives in Frequency Space

Object Observed
image

I
I

OTF(K)

\\\\\\\\\

Kurt Thorn, University of California, San Francisco

/

Observable
Region
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The OTF and Imaging

True convolution Observed
PSF Image

Fourier

Transform OTE

Kurt Thorn, University of California, San Francisco

s i .
UiO 3 University of Oslo FYS 4340/9340 course — Autumn 2016 74
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Nomenclature

Optical transfer function, OTF Similar concepts:
Wave transfer function, WTF Complex values (amplitude and phase)
Contrast transfer function, CTF

Weak-phase object
very thin sample: no absorption (no change in amplitude) and only weak phase
shifts induced in the scattered beams

Contrast Transfer Function in HRTEM, CTF
For weak-phase objects only the phase is considered

g UiO 8 University of Oslo FYS 4340/9340 course — Autumn 2016 76
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Resolution in HRTEM

In optical microscopy, it is possible to define point resolution as the ability to resolve individual point objects.
This resolution can be expressed (using the criterion of Rayleigh) as a quantity independent of the nature of the
object.

The resolution of an electron microscope is more complex. Image "resolution" is a measure of the spatial
frequencies transferred from the image amplitude spectrum (exit-surface wave-function) into the image
intensity spectrum (the Fourier transform of the image intensity). This transfer is affected by several factors:

e the phases of the diffracted beams exiting the sample surface,
e additional phase changes imposed by the objective lens defocus and spherical aberration,
e the physical objective aperture,

e coherence effects that can be characterized by the microscope spread-of-focus and incident beam
convergence.

For thicker crystals, the frequency-damping action of the coherence effects is complex but for a thin crystal, i.e.,
one behaving as a weak-phase object (WPO), the damping action can best be described by quasi-coherent
imaging theory in terms of envelope functions imposed on the usual phase-contrast transfer function.

The concept of HRTEM resolution is only meaningful for thin objects and, furthermore, one has to distinguish
between point resolution and information limit.

O'Keefe, M.A., Ultramicroscopy, 47 (1992) 282-297

UiO ¢ University of Oslo
y Centre for Materials Science and Nanotechnology (SMN)

77




Contrast transfer function

In the Fraunhofer approximation to image formation, the intensity in the back focal plane of the objective lens is simply the
Fourier transform of the wave function exiting the specimen. Inverse transformation in the back focal plane leads to the image in
the image plane.

If the phase-object approximation holds (no absorption), the image of the specimen by a perfect lens shows no amplitude
modulation. In reality, a combination with the extra phase shifts induced by defocus and the spherical aberration of the objective
lens generates suitable contrast.

The influence of these extra phase shifts can be taken into account by multiplying the wavefunction at the back focal plane with
functions describing each specific effect. The phase factor used to describe the shifts introduced by defocus and spherical
aberration is:

X(k)=rtAAfkZ +1/2mCsA3k*

with Af the defocus value and Cs the spherical aberration coefficient. The function that multiplies the exit wave is then:
B(k) = exp(ix(k))

If the specimen behaves as a weak-phase object, only the imaginary part of this function contributes to the contrast in the image,
and one can set:

B(k) = 2sin(x(k))

The phase information from the specimen is converted into intensity information by the phase shift introduced by the objective
lens and this equation determines the weight of each scattered beam transferred to the image intensity spectrum. For this
reason, sin(x) is known as the contrast transfer function (CTF) of the objective lens.

4 UiO ¢ University of Oslo
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Contrast transfer function

sin (k) = sin(TAAfk2 +1/211CsA3K?) sin x(k) = sin(TTAAfk? +1/21TCsA3k?)

l il

" /‘*\/ ) 0

0 1 2 3 4 ) 6 7 8
k: spatial frequency [1/nm]

parameters: A=0.0025 nm (200 kV), ¢, =1.1 mm, Af=60 nm

The CTF oscillates between -1 (negative contrast transfer) and +1 (positive contrast transfer). The exact locations of the
zero crossings (where no contrast is transferred, and information is lost) depends on the defocus.

) UiO ¢ University of Oslo
% Centre for Materials Science and Nanotechnology (SMN)
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Point resolution

Point resolution: related to the finest detail that can be directly interpreted in terms of the specimen
structure. Since the CTF depends very sensitively on defocus, and in general shows an oscillatory
behavior as a function of k, the contribution of the different scattered beams to the amplitude
modulation varies. However, for particular underfocus settings the instrument approaches a perfect
phase contrast microscope for a range of k before the first crossover, where the CTF remains at values
close to —1. It can then be considered that, to a first approximation, all the beams before the first
crossover contribute to the contrast with the same weight, and cause image details that are directly
interpretable in terms of the projected potential.

Optimisation of this behaviour through the balance of the effects of spherical aberration vs. defocus leads
to the generally accepted optimum defocus1 -1.2(Cs\)Y/2. Designhating an optimum resolution involves a
certain degree of arbitrariness. However, the point where the CTF at optimum defocus reaches the value
—0.7 for k = 1.49CY/*\-3/4 is usually taken to give the optimum (point) resolution (0.67CY*\3/4). This means
that the considered passband extends over the spatial frequency region within which transfer is greater
than 70%. Beams with k larger than the first crossover are still linearly imaged, but with reverse contrast.
Images formed by beams transferred with opposite phases cannot be intuitively interpreted.

UiO ¢ University of Oslo
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Scherzer defocus

Every zero-crossing of the graph corresponds to a contrast inversion in the image.

Up to the first zero-crossing k, the contrast does not change its sign.

The reciprocal value 1/k, is called Point Resolution.

The defocus value which maximizes this point resolution is called the Scherzer defocus.

Optimum defocus: At Scherzer defocus, one aims to counter the term in u* with the parabolic term Afu? of x(u).
Thus by choosing the right defocus value Af one flattens x(u) and creates a wide band where low spatial

frequencies k are transferred into image intensity with a similar phase.

Working at Scherzer defocus ensures the transmission of a broad band of spatial frequencies with
constant contrast and allows an unambiguous interpretation of the image.

¥ UiO & University of Oslo
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Scherzer defocus

B . dnm) 0500 0.250 0167
A S P S e s e s s

k(rm131 2 3 4 5 B km-1) 1 2 3 4 5 6

Af=-(CMN)" Af=-1.2(CA)2
Scherzer condition Extended Scherzer condition

http://www.maxsidorov.com/ctfexplorer/webhelp/effect_of defocus.htm
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The Envelope function

The resolution is also limited by the spatial coherence of the source and by chromatic effects (changes of
electron energy in time):

1 | —_—
Tert = T(U)EscEtc ﬂ | | (u=k)

.08 .26 u

-
et
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Information limit

Information limit: corresponds to the highest spatial frequency still appreciably transmitted to the intensity
spectrum. This resolution is related to the finest detail that can actually be seen in the image (which however is
only interpretable using image simulation). For a thin specimen, such limit is determined by the cut-off of the
transfer function due to spread of focus and beam convergence (usually taken at 1/e? or at zero).

These damping effects are represented by E, or E,. a temporal coherency envelope (caused by chromatic
aberrations, focal and energy spread, instabilities in the high tension and objective lens current), and E, or E,_ is
the spatial coherency_envelope (caused by the finite incident beam convergence, i.e., the beam is not fully
parallel).

The Information limit goes well beyond point resolution limit for FEG microscopes (due to high spatial and
temporal coherency). For the microscopes with thermionic electron sources (LaB6 and W), the info limit usually
coincides with the point resolution.

The use of FEG sources minimises the loss of spatial coherence. This helps to increase the information limit
resolution in the case of lower voltage ( £ 200 kV) instruments, because in these cases the temporal coherence
does not usually play a critical role. However the point resolution is relatively poor due to the oscillatory behavior
of the CTF. On the other hand, with higher voltage instruments, due to the increased brightness of the source, the
damping effects are always dominated by the spread of focus and FEG sources do not contribute to an increased
information limit resolution.

UiO ¢ University of Oslo
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Phase-contrast transfer function at
Scherzer’s defocus

The point-spread function describes the effect of

the aberrations of the objective lens in real space (q =k)
as l.e PSF(r) = FT ' [WTF(g)], -
transform of the wave-transfer function sl ~N—— E€(q)
defined in Fourier space WWTF(q) = E¥(g)E*(q) exp(—ix(g)), __ Scherzer

- = L resolution ﬂ A E®* (¢)
Damping of the Fourier components is described E oY 1 —— N1 lﬂnnun“»vn,; ““““““
by the envelope functions E_.(q) and E..(q) oo | T - UWH """"""""""""
resulting from deficiencies of spatial and temporal (jwa; information
coherence. They damp destroy information, in limitq, .
particular, of the high spatial frequencies. The -1t - — A =
arising limit is called the information limit. o 2 4 6 & 10 12 14

spatial frequency, g (nm™1)

The imaginary part of the wave-transfer function (WTF) basically characterizes the contrast transfer
from a phase-object to the image intensity. The oscillations restrict the interpretable resolution (Scherzer
resolution) to below the highest spatial frequency transferred .- dmax IS Called the information limit
given by the envelope functions E.. and E,. of the restricted spatial and temporal coherence.

Lichte H et al. Phil. Trans. R. Soc. A 2009;367:3773-3793

h vrir i , -
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Phase contrast and information limit

Point Resolution (or Point-to-Point, or Directly Interpretable Resolution) of a microscope corresponds to the to

the point when the CTF first crosses the k-axis:
k = 0.67C1/4)\3/4

Phase contrast images are directly interpretable only up to the point resolution (Scherzer resolution limit).
If the information limit is beyond the point resolution limit, one needs to use image simulation software to

interpret any detail beyond point resolution limit.

dinm) 1000 0500 0333 0250 0200 0167 0143 0125
1 L I R 1 P 1 PR 1 PR BT 1 PR R 1 PR I 1 PN 1 1 1
e S S e S S T

Information limit goes well beyond point resolution limit for
FEG microscopes (due to high spatial and temporal
coherency).

Point Resolution
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For the microscopes with thermionic electron sources (LaB6 0
and W), the info limit usually coincides with the point ]
resolution.
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Damped contrast transfer function
Microscope examples

JEOL 4000EX/II JEOL 2010F

Configuration (Top-entry) (Side-entry)
Emission LaBg filament Field emission gun
Operating voltage (kV) 400 200
Spherical aberration coefficient (mm)  0.97 ~1.00
Spread of focus (nm) 7.8 4.0
Beam convergence angle (mrad) 0.8 0.1
Information limit resolution (nm) 0.14 0.11
Point Resolution (nm) 0.17 0.23
Optimum defocus (nm) -48.9 -61.0
(Scherzer)
Tll,germOIOI,"C’ 400 kV JEOL 4000EX/II L FEG, “200 kV A JEOL 2010F
i e . . == Flis
/ H Global envelope 2 \E: o

Scattering vector, U(nmi')

12

0.5

Point 'S ‘M
resolution g H

0.0

-0.5 1

-1/e2

Y |
< EE—— ]
[
—
RNy

sin((U)EE,

-1.0

Scattering vector, U(nm')
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The effect of different C,and Af on the damped CTF

Sin y = sin(rAFAU? + %ncﬁu“)

[ v =200kv Cs = 1.0 mm VT A7~ 0mm
1 Af=-60 nm [ Cg=1.0mm

[ SIS I O T S R I [ S T T T 5 W T A
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Important points to notice

e CTFis oscillatory: there are "passbands" where it is NOT equal to zero (good "transmittance") and there
are "gaps" where it IS equal (or very close to) zero (no "transmittance").

e When itis negative, positive phase contrast occurs, meaning that atoms will appear dark on a bright
background.

e When it is positive, negative phase contrast occurs, meaning that atoms will appear bright on a dark
background.

e When itis equal to zero, there is no contrast (information transfer) for this spatial frequency.

e At Scherzer defocus CTF starts at O and decreases, then

e CTF stays almost constant and close to -1 (providing a broad band of good transmittance), then
e CTF starts to increase, and

e CTF crosses the u-axis, and then

e CTF repeatedly crosses the u-axis as u increases.

e CTF can continue forever but, in reality, it is modified by envelope functions and eventually dies off.
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Spherical aberration correction

In every uncorrected electron microscope the reachable point resolution is much worse than the optimum
information limit. Using an electron microscope with spherical aberration correction allows for optimizing the
spherical aberration coefficient and the defocus so that the point resolution equals the information limit.

1
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k: spatial frequency [1/nm]

parameters: A=0.0025 nm (200 kV), c, =0.159 mm, c_. =1.6 mm, Af=23.92 nm, AE=0.7 eV, E=300 kV
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HRTEM Iimage simulation
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HRTEM image simulation

Simulation of HRTEM images is necessary due to the loss of phase information when
obtaining an experimental image, which means the object structure can not be directly
retrieved. Instead, one assumes a structure (perfect crystal or crystalline material containing
defects), simulates the image, matches the simulated image with the experimental image,
modifies the structure, and repeats the process. The difficulty is that the image is sensitive to
several factors:

Precise alignment of the beam with respect to both the specimen and the optic axis
Thickness of the specimen

Defocus of the objective lens

Chromatic aberration which becomes more important as the thickness increases
Coherence of the beam

Other factors such as the intrinsic vibration in the material which we try to take account
of through the Debye-Waller factor

A UiO ¢ University of Oslo
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Multislice method

Incident
beam
The basic multislice approach used in most of the l st
simulation packages is to section the specimen into many — X projection —
slices, which are normal to the incident beam. Calculate plane
beams 1 Diffracted
The potential within a slice is projected onto the first Propagate beams
projection plane; this is the phase grating. We calculate the
amplitudes and phases for all the beams generated by
interacting with this plane and then propagate all the -
diffracted beams through free space to the next projection s X projection —
plane, and repeat the process. Calculate | plane
beams Y
Propagate
3rd.
rojection —
Calculra_t; Prop!noate b pjlane
beams *v Y

Williams and Carter
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Thank you!

4, UiO ¢ University of Oslo
y Centre for Materials Science and Nanotechnology (SMN)




