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Contrast transfer function

Specimens

Specimen preparation

Aplications
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HR-TEM imaging II.
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Contrast Transfer Function |.

« Determines the capability of microscope to transfer the spatial
frequencies from sample to visualizing device:

1(r) = [Ym(M)|* =1 - K(q) cosW(q) + L(q) sin W(q)
where K(q) is envelope amplitude function
L(q) is envelope frequence function

Wi(g) = ; CEJ"LE *—mAfAg?

* Where C, Is spherical abberation, q is spatial frequency, Ais
wavelenght, Af is defocus.
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Contrast Transfer Function II.

Information Information
limit limit
d.(nm) 1.000 0.500 0_3|33 0_2|50 0_2l!|0 0.1|6? 0'1.43 0_1|25 0_1|1 1 0_1|00 d.(nm) 1 .DIOO O.SIOO 0.3|33 O.ZISD O.ZIOD 0.1|6? 0'1.43 0_1|25 0_1|1 1 0100

Spatial /-
""""" abberaj i

abberatlon

» _envelope
Pomt {oppomt

Scherzer defocus — optimal for point-to- pomt resolution:

Af =—1.2,/C.A
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Specimens

* Thin foils, lamelas or edges of material.

* Thin foils — biologic and metalurgic application.

« Lamelas — semicondutor industry, universities, ...
- Edges — material research, universities, ...

« All of this specimens are worn on support grid.
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Specimen preparation

- Biological specimen — epoxy fixing or deep freezing plus microtom
slicing, heavy elements marking.

* Metalurgical specimen — rolling and argon etching.
« Semiconductor specimen — acid and argon etching, SDB.
 Other —replicas, ...

» Not easy process, handy experience and knowledge required.
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Bio samples preparation

Section preparation (paraffin method)
Tissue procurement :

Fresh sample carefully
removed to avoid tearing,
crushing. postmortem
changes and other
artifacts in preparation

@

bacterial heawy metal
solution zalt solution

Fixation 7

» proteins hardened
(some shrinkage)

= enzymes inactivated
(no putrefaction occurs)

©)

bacteria
with flagella

» affinity to staining
increased

(a) 10% formalin
(at neutral pH)

Ultramicrotome

Plastic-embedded
specimen

Copper grid
Water trough

(b)

Dry sections
ready for viewing

Copper grid
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http://www.youtube.com/watch?v=KnMdSgd5mts

Lamelas preparation m

INLO 2013 revision 3.mp4
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http://www.youtube.com/watch?v=vNOpzDViAhE&feature=endscreen&NR=1

Material science — standard method

o e e ‘TE M SAMPLE PREPARATION GUIDE

Disc saw I/; Dimple grinder
[Struers Acutom-5] &
Bulk >> ~0.5mm

[Gatan 656] Dimple Grinder

+ ultrasonic

'J acetone rinse S &Y
—>
Yet 1o be purchased 50-100 um Electrolytic jet polisher
Ti 15
o >> Break-through | =" e
0.5mm >> "’120!.J.m Grlndlng wheel &  +Ultrasonic - -
[Struers Laboforce/Labopol ] acetone rinse 3
statwith Sy D N |0 [l M ¥ e ]
. 7 D * au?orr‘:;ltic oy ey Y s
Finish with manual A lon miller :
%  Aftachto asuitable abrasion
substrate prior to thinning. [Gatan 691 PIPs]

3mm O disc Disc punch &

[Gatan 659 ]

EtOH rinse & dry
e Ductile/soft materials Sample cleaning [analytical grade]
'\ ----------------------------------------- : %

MARKER Ultrasonic Cutter G >> TEM \mf\
. S AT 7 AT T AT T

@ [Gatan 601 ] 1 \ ;
Brittle/hard materials Ji. ! — I I l I | I l I

%

* Iisé]ii(;relgnta1ion markers where o . U|tramicr0‘tome
~120um >> 50-100 um Disk Grinder _‘m [Leica UC6]

[Gatan 623 ] @ Bulk >=TEM J
-
Reierke_nce f RD
* Manual abrasion 1200 grit paper marking
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HR-TEM imaging I.

* Image is created as interaction of electron beam with specimen and
microscope optic including its abberation and phase shifts.

 To calculate exact image wave function is used.
* Interaction of electron with specimen is multiscattered act.

l Incident electron wave

:ﬁ- Diffracted beams

Propagation

Slices of crystal
potential projected >

v
on planes \ .ﬁ. Diffracted beams

Propagation
\d
Diffracted beams dioctahedral mica trioctahedral mica  trioctahedral mica
(muscovite) (annite) (annite)
Propagation
[100] [100] [010]
ThermoFisher
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TEM — mass contrast.

- Based on material absorbtion and reflection of electrons.

- Cannot distinguish between material differences and thickness.

- Main role to mag. 100kx.

« Using amplitude envelope
of CTF.

* Most usage in biology.

I1(r) = [ (r)|* =1 — K(q) cosW(q) + L(q) sinW(q)
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TEM bright Field — Mass contrast

Aluminium 7075

. o ThermoFisher
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TEM bright Field - BioSpecimen
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TEM — dark field.

« Exploiting only deflected electrons to enhance the image contrast for
different techniques (phase, mass contrast).

« Using tilted illumination and objective apperture.
 Use in defect imaging, HR-TEM.

il
A

Objective Objective
] <&f ML Jec «f!

=~ YV

Specimen Specimen

A A A AL

Diffraction pattern Diffraction pattern

High

Eright field resolution
image . dark field ®

image
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TEM Dark Field — Mass contrast

Aluminium 7075
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TEM Bright vs Dark Field

Bright Field - Aluminium 7075 - Dark Field

17 ronr - ThermoFisher
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TEM — phase contrast I.

- Based on electron interference — sample is pattern.
 Using phase part of CFT. () = [{n(n)|* = 1—K(q) cosW (q) +|L(q) sin W (q)
- Main role above magnification 300kx.

« Non-trully atomic resolution — vacancy atoms are not clear visible — only
decreasing of intensity is detected.

 This contrast is used in HR-TEM imaging.

18 Proprietary & Confidential SCIENTIFIC




TEM — phase contrast II.

* Interpretation of image is not easy.
 Importance to know what it should be seen — theoretical calculation.

GaN [0001] Exit wave
0909
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TEM — phase contrast Ill.

 Gold particles on thin carbon film imaged by 200kV SuperTWIN FEG
under different defocus.
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Low Contrast specimen — Phase contrast

Adenovirus, Phoebe
Stewart,Vanderbilt

. o ThermoFisher
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Ohase Plate

Conventional cryo-EM VPP cryo-EM
1.5 um defocus in-focus

image - S
', 4 r T Y T X T ¥ T H T
— without VPP
— with VPP
—— CTF fits
3H

0 N 1

0.0 0.5 1.0 1.5 2.0 25 3.0 AR 3P < - 05 o0 o1 6% 03 o% oM
spatial frequency, [1/nm] 2 Spatial frequency, [1/nm)

Danev, R. et al. (2014) PNAS, 111, 15635  Danev, R. and Baumeister, W. (2016) eLife, 5, e13046
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Lorentz microscopy

« To image magnetic or electrostatic specimen.
« Specimen inserted out of magnetic lens field.
« Resolution down to 0.34nm.

/ // //////
@i )Tmf

l
l
- 1 ‘ | - |
Defocusadplane

%

Tmage plane
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cnviromental TEM

Specimen is inserted in special capsule where gases can be introduced.
Maximal pressure varies from 100Pa to 600Pa.

Resolution 0.344 nm.

Usage for lifetime experiment observation.
http://www.youtube.com/watch?v=sHtKG-Z-AVI

INTRODUCING

TITAN ETEM
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http://www.youtube.com/watch?list=PLF721FE407902B3EA&feature=player_detailpage&v=B099DRAX_X4

Diffraction

* Focal plane is imaged instead of image itself.
« Two types - SAED - lllumination with plane wave.
- CBED - lllumination with focused beam.

SAED - YMnO3 (Figure 1:  CBED - Fe,;Pb, 5Sb,0;,
Sets of electron diffraction (pyrochlore-type) along
patterns of YMn, ;& Tig 5504 [111].
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TEM — potential contrast.

. : '—FEG
» Using holography Bl B

* Added phase shi

" crystals

Lorentz
lens

Inot = 1+ A%(F) + 2pA(F)cos (

(P(?_ﬂ.) = CEVproj (r) — an)mag(l

\ W \ ﬂ\\
. '-...C\\\\-‘\- RN

\\\\\\\\\ ‘\\\‘\\\\.\\

Original Image (called
‘the hologram’)

Magnetic

?\e- Figld emitter f ar

—5; _" Condenser lens ‘-'—f—'—h—-

Specimen

Chjective lens

vacuum
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Tomography

« Specimen is imaged under different angles and then is constructed with
mathematical module to 3D image.

« Resolution down to 0.5 nm (limited by specimen stage shift and tilt

accuracy).
A electron beam B
&
W

w‘i}& :
CCD camera 9 =) @ @J
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e . : Diffraction tilt
Vitrification of TEM Iow-'dose » TEM dlﬁrgctlon » series data » Reconstruction
small crystals screening screening

collection

« Small crystals

* Needs few crystals

- Low dose imaging (1.5 - 3 el/A2?)

+ Crystals imaged under cryo-conditions

* Provides high resolution

ThermoFisher
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MicroED
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Single Particle CryoEM Workflow

Electron
microscope

l Collect data

2D
projections

l Pick particles

4 particle
alignment and
averaging

Kim Cassar/Nature Pub lishing Group

@ 3D model

The overall single-
particle cryo-EM
workflow, from protein

sample to 3D model. Animace se svolenim Max Planck Institutu Biochemie, Martinsried, Germany
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Correlative EM-light microscopy

* Imaging with light microscopy first (fluorescence or reflection mode) —
up to 1um details.

* EM imaging for more details up to 1nm.

J mitochondria §:4
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The need of ultrafast

Atoms &
Molecules

Nano-objects

Magnetic
systems

revolution vibration

10-18 s 1015 s
attosecond femtosecond

Coherent interaction between
photons, charges and spins

rotation
P,
»
Time
1012 g 10-%s 106s
picosecond nanosecond microsecond

Lattice dynamics

Thermalization of

charges and spins

Thermal effects

[ ] 0¥

e g® o )
o... ’ 58 Ny )!1,

. ®
o 0 e e
F A see ‘f’

. . xK

electron/electron phonons heat phase transitions
electron/phonon
Spin waves

$4
X

Exchange

Magnetization
Precession, relaxation Domain wall motion

Spin-orbit

Time resolution

TEM:  miliseconds
(camera frame rate
limit)

UEM:
(pulse

femtoseconds
length limit)

Ziegler A., Graafsma H.,
Zhang X. F., Frenken J.
W. M.: In-situ Materials
Characterization:
Across Spatial and

Temporal Scales,
(2014)
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Operation modes

Operation modes

Dynamic TEM
(DTEM)

Stroboscopic
mode
(laser on sample)

Stroboscopic

Single-shot mode Movie mode
mode
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Schematic overview of UEM setup with laser induced/assisted emission

Second harmonic
generation

Femtosecond

laser
Translation

stage

Arbouret A.,Caruso G. M., Houdellier F.:
Advances in Imaging and Electron
Physics, 207, (2018)
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Realization of femtosecond electron pulses

- RF-cavity beam deflection:  pulses are created by deflection of the
continuous beam over a slit aperture
using RF-cavity

Verhoeven W. et al: In-situ High quality
ultrafast transmission electron microscopy
using resonant microwave cavities, (2018)
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Operation modes

Stroboscopic mode

+ also called Ultrafast TEM (UTEM)

 millions of electron pulses are
detected to create a single image

* time delay between laser hitting
the sample and electron pulse
arrival is kept unchanged during
one image capture

* pulse repetition rate — order of

MHz
* pulse duration — order of 100 fs
(laser pulse
duration limit)
* no significant change in spatial Arbouret A.,Caruso G. M., Houdellier
resolution F.. Advances in Imaging and Electron

Physics, 207, (2003)
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UTEM - applications

ONLY REVERSIBLE
PROCESSES

* nanostructures melting and
recrystallization

» dynamics of laser beam
induced phase transitions and
atomic structural expansion

» debeye-waller factor
measurement

Barwick B. et al:4D Imaging of
Transient Structures and
Morphologies in Ultrafast
Electron Microscopy, 322,
(2008)
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Operation modes

Single-shot mode

- also called Dynamic TEM
(DTEM)

* irreversible processes

 millions (typically 108)
electrons in a single pulse

 spacecharge effect (Boersch
effect) results in limited spatial
resolution (typically 10-200
nm) and temporal resolution
(typically 10-50 ns) which is no
longer determined by laser
pulse length

Arbouret A.,Caruso G. M., Houdellier
F.. Advances in Imaging and Electron
Physics, 207, (2003)
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Operation modes

Movie mode

* also called Movie DTEM

* electron pulse train is created
and individual pulses are then
deflected to different sections of
camera

« sample is still illuminated by a
single pulse

* same limitations as for the case
of the single-shot mode

deflector

Arbouret A.,Caruso G. M., Houdellier
F.. Advances in Imaging and Electron
Physics, 207, (2018)
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DTEM and movie DTEM - applications

IRREVERSIBLE PROCESSES

* reactive multilayer foils —
reaction wavefront propagation

» various irreversible chemical
reactions

» study of biological reactions:
utilizing also in-situ liquid
Microscopy or cryo-electron
microscopy

Kim J. S., et al: Imaging of Transient
Structures Using Nanosecond in Situ

TEM, 321, (2008) _
Evans J. E.,Browning N. D.: Enabling

direct nanoscale observations of
biological reactions with dynamic
TEM, 62, (2013)
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STEM - principle

-« Scaning with small probe through sample — collection of signal gone
through the sample on the detector below imaging system.

« STEM and SEM is not the same technique. STEM is of course much
better!

« Almost true atomic resolution — easier interpretation regarding to HR-
TEM.

« Many detection techniques — BF, DF, SED, BSED, EDX.

TEM specimen EDX
thickness
% Specimen |,
SEM specime HAADF
thickness
DF BF
CCD

. . ThermoFisher
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STEM — image creation.

- STEM image is influenced by three main factors:
1.) Sample-electron interaction.
2.) Detector type (BF, DF, HAADF).
3.) Diffraction camera lenght.
* Image contrast is defined by:
1.) Sample thickness — BF (transmitted primary).
2.) Elements composition — DF (diffraction on cryst. structure).
3.) Elements weight — HAADF (Z-contrast).
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STEM - electron sample interaction.

 Electron sample interaction change the energy of primary beam
differently based on atom weight and crystal structure.

Incoherent scattering
by a single atom

or amorphous materials
(proportional to Z at high 6)

Relative intensity

Bragg diffraction

Total sum of signals

by crystals

Incoherent scattering
(not on scale)
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STEM detectors

Three main detectors collect different spectrum of deflected beam:
BF — transmitted primary beam.

DF — deflected beam on crystall structures.

HAADF — high angle delflected beam — Z-contrast.

. Dark field o
o etector
o ®_° O/é
@) @ @ @@OO
@) @ % @%g ° © ©
- O %% O
o B _B GFYS Bright field
006% @ © detector
BF/DF High-Angle Annular

Dark Field
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STEM — camera lenght

 The diffraction camera lenght significantly influences the detected
signal.

- With camera lenght changing is possible to obtain a different contrast
using the same detector.

camera lenght 100 mm
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HR-STEM II.

High Resolution
ADF STEM image
of a triple-junction in

Au poly-crystal.
Numerous voids
occur at defects at
the interface.

Sample cou
U.Dahmen & C. Kisielowski,
NCEM Berkeley, USA
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HR-STEM II.

« Ag concentration in individual atomic columns of Al
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HR-TEM vs. HR-STEM |

° HRE
ks w} :r;d HR-STEM images
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HR-TEM vs. HR-STEM II.

Visualization of dislocation in silicon
using TEM and STEM techniques
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clectron Energy Loss Spectroscopy |

* Electron energy filtering for spectroscopy or imaging.
» Resolution to 0.004 eV.

* Possible to distuingish element type, plasmon energy, type of atomic
band.

Zero Loss peak

/ Atom core-loss peak

y
I ———

ure

Relative intensity

Plasmon Resonance

Electron Energy Loss (eV)
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Clectron Energy Loss Spectroscopy |l

» Using magnetic Biprism.
« Two HW solution — in-column (Zeiss, Jeol).
- under column (Gatan — FEI, Jeol).

LIBRA® 200 Cq
- Corrected View of the Sub-Angstrom World -

3rd-order filter aberration corrector

nd-order corrected prism design Multipole projec ptics for optimum detector High-speed CCD detector with un cinema
coupling for EFTEM and EELS mode for rapid EELS acquisition

Carl Zeiss SNIE
RV
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Energy Filtering TEM

« Used same filtering technique as EELS.
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cDAX mapping

3um

. . ThermoFisher
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Easy access to multiscale data information
using MAPS on SEM and TEM
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Conclusion

 TEM and STEM offer extremly powerful scientific tool.

* There are many possibilities how to create image under different contrast
conditions — enable to distinguish many types of physical properities of
sample:

1.) Atomic structure.

2.) Electric and magnetic potential distribution.
3.) Bound type and its energy.

4.) Thickness.

5.) Elements distribution over sample.

55 Proprietary & Confidential SCIENTIFIC



