High Resolution TEM

. K. Ishizuka (1980) “Contrast Transfer of Crystal Images in TEM”, Ultramicroscopy 5,pages
55-65.

. L. Reimer (1993) “Transmission Electron Microscopy”, Springer Verlag, Berlin.

. J.C.H. Spence (1988), “Experimental High Resolution Electron Microscopy”, Oxford
University Press, New York.
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High resolution....?!

electron at 300keV:

« v=233108m/s
(0.78 ¢)

« A =0.00197nm
* Odiff = 10_3 I"Cld

N .

Atomic resolution...? Precipitate in a ceramic: PbTiO;

2022 Experimental Methods in Physics Marco Cantoni
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the TEM in “high-resolution” mode

A high-resolution
image is an
interference image of
the transmitted and
the diffracted beams!

Diffracted electrons:
coherent elastic
scattering

(the electrons have
seen the crystal
lattice )

The quality of the
image depends on the
optical system that
makes the beams
interfere

Champ clair

lame mince
lentille objectif -

diaphragme objectif

lentille intermédiaire -

lentille projectif -

plan d'observation

Bright Field

2022
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L 2 &
yo A

Haute résolution

High-Resolution

‘B

Bright Field Imaging

Diffraction Contrast, Au (nano-) particles on C film

Electron source

Objective lens

Back focal plag
diffraction pl.

Intermediate lens

Projector lens =

Image

2022
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High-resolution image and its FFT
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FFT filterin
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I.1Tmm / 300keV
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High

The image should resemble the

atomic structure !

Atoms..?
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The objective lens

Field with rotational symmetry

Lorenz Force :F=-ev ~ B

e on optical axis: F =0

e not on optical axis : deviated
optical axis: symmetry axis

Scherzer 1936
Magnetic lens with rotational
symmetry:

Aberration coefficients:
C,: spherical

C.: chromatical

- Always positive Il

k]
c, =% [{o*n* +2(8b" + Wb) B+ 260" Yz
%

C =ljb’k’dz
© 4 =.

. . . 3/4,~1/4 A=0.00197nm, C, =1 mm
ReSolUTIOH llm”’- Dres —_— 0.662 CS Dres = 18 10-10 = 18A
2022 Experimental Methods in Physics Marco Cantoni @

Image formation

*  Illumination

Y(r)=", expz’”f"F

[llumination +  Sample
¥ (%) = exp|-ioV, (%;2) |2 1~ioV, (%;2)
I / + objective lens
S
NI 7 (h) = expriz(R)]  avee z(B) = 0.25C.PH* +0.5AZK
S e ¥ (X) =Y (X) ®T(X)

Cs

coherent

Image, contrast

image LE)=Y®¥
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sample = phase objet

\Wave vector in vacuum:

Plane wave
wav = /2me(E%2

Wave vector in a potential:

Cristal potential

S I k= \/Zme(E+V(7%2

Exit wave Y ‘ '

00O
00O

Cristal potential = phase object

Phase shift Ao due to the cristal potential V;:

Exit wave function: Y (x)= exp[— oV, (X; Z)J

2022 Experimental Methods in Physics Marco Cantoni @

+  Weak phase object approximation:
Y (X) = exp[— ioV, (x;z)J; 1-ioV (X;z)
No absorbtion,effect of the object on the outgoing wave: only phase shift
The exit wave function contains the information about the structure of the sample

Multi-slice calculation:

Calculation of the exit wave function for complex \PO
structures: \PVp1 CQO0O0O0OO0OOOOOOOOO
1
\P’1 ~ T~ ~— — 7 E
V2 O0000O0OOOOOOO
0000000 O0OOOOO Y, ?
000000000000 N ~_ e —
000000000000 2vp3 O0000O00OOOOOOO
A U YV e W e e I U U
N e e e e e e e e U \P3

S NN N NN NN NN The sample is cut into thin slices
A D W e W e W e e e
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Transfer Function

The optical system (lenses) can be described by a convolution with a
transfer function T(x):

Point spread function (PSF): describes how a point on the object side is
transformed into the image.

Yix) = [ ¥, T(x-uw)du = ¥, (x) ® T(x)

—ca

Transfer Function:
desscribe how an “objet" wave-function is transformed
into an “image" wave-function

W,(h) = ¥, (1) T(h)

The image INTENSITY observed on a
screen (or a camera / negative plate etfc.)

I(x) = Y(x)V¥. (x) I(h) = ¥,(h) ® ¥, (-h) = [¥,(B)¥](h—)dk

I(h) = [W,(l)T(h)] ® [¥,(-h)T (~h)]

2022 Experimental Methods in Physics Marco Cantoni @

Coherent Transfer Function (CTF) of magnetic lens

T(h) = exp|2iy ()]

2(5) €025C, 24

Spherical aberration defocus

Object plane

image plane

2022 Experimental Methods in Physics Marco Cantoni @




The « magic » of image contrast

Objet de Phase Faible (Weak Phase Object)

Vo(x) = expl-ioV , (x2)]=1-icV (x:2)

Wo(h) = 8(h)—icV,(h)
Fourier Space
Wi(h) =Y, (h)T(h) =Y (h)exp[2niy(h)]

() = [6(1_:)—;-0@(&)

En choisissant sin[2ny(h)] = -1 et cos[2ay(h)] = 0 pour les réflexions h les plus intenses, ‘;(h)

Fonction d’onde image

¥,(h) = (h) 6V, (h)

. ., .- * ,
L’intensité de I'image (¥;(x) ¥; (x)) est alors donnée par :

Intensité de I'image de 1'objet faible en contraste direct

I(x) = (1-6V,(x)(1+6V,(x)) = 126V ,(x)+ 06"V} (x)

2022 Experimental Methods in Physics Marco Cantoni @

but....

En choisissant sin[2my (h)] = 0 et cos[2ny(h)] = 1, I'intensité de I'timage (‘V;(x) ‘P;(;)) est puisque
W,(h) égale:

Fonction d'onde image

W,(h) = [3(h)—icV ,(h)]

Intensité de I'image de I'objet faible en contrast inverse

I(x) = (1-ioV,(x)(1 +ioV,(x) = 1+ V(x)

L’intensité est reliée linéairement au carré du potentiel projeté: linferprétation en terme de
colonnes atomiques et de canaux n’est plus aussi directe.

For a direct and simple interpretation of the image contrast:
the imaginary part (sin) of the transfer function exp[2piy(h)] should be ~1

The only free parameter in the microscope is: the defocus Az

2022 Experimental Methods in Physics Marco Cantoni @




CTF

CTF: contrast transfer function

[ ]
(« useful » = V)
AT~ 34 2
CTKk)= —sm{i CALk" + nh\z Ak
Coherent Contrast Transfer Function Coherent Contrast Transfer Function
(h,k,]) planes for : anxxxx (h.k.D) planes for : auxxxx
1 - Iy L 1
amat N N
\ AR ) \ [\ I
70 0 7V A i
\ { \ | ’ \'. [ | H | ’
\ / Al ”‘H (I | HH‘H’
N i sl S R R A T =
] “ﬂ / ‘l'qli‘| ] \ \ "’ H'“M
" \ / ‘ | "' ”JHH N \ ’ t [ |H‘4
. \/ | . \/ \/\L" W \
0 1 3 4 6 10 0 1 3 4 s 6 7 8 9 10
wi[pm] 1.969 / cs[mm] O.GSr‘dr[nm]. S-I.OIds[nml 4.0/ sr[mmd] 0.40 wi[pm] 1.969 / cs[mm] 0.651’dﬂnm]. 98,0/ ds[nm] 4.0/sc[mrad] 0.40
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Scherzer defocus

With AZscherzer

#“CA

The CTF has a wide
pass band

D, =0661"C""

scherzer

Coherent Contrast Transfer Function
(h.k.I) planes for : auxxxx

A |~|,1,,n

[

Il
I
"l‘”

< >
\,/ 7\\/" VT

'wi[pm] 1.969 / cs[mm] 0.65 / dt‘[nm]

: F .
44.0/ dslnm] 4.0 / sc[mrad] 0.40

The first zero crossing of the CTF defines the « point-to-point » resolution of

an electron microscope

The atom columns appear as dark areas on a bright background

I(x) = (1-6V,(x))(1 + 6V ,(x)) = 1 =26V ,(x)+ O(c"V,(x)

‘B

Experimental Methods in Physics
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CTF & spatial and temporal coherence « envelopes »

T(h) = a(h) eXp[Zm';((fI)

Information
limit
CM300UT FEG o M
Field emission 050 Resolution
C,: 0.7mm i

(Scherzer)
Az=44nm

040 —

020 —

Résolution (point to point): 1.72
Information limite : ~1.2A

-0.20 4
-040
-0.60 —

-0.80 4

Product of envelopes ’ Temporal envelope u
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. L]
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. L]
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A good microscope

CM300UT FEG

Emmission a éffet de champs
C,: 0.7mm

Az=44nm

Résolution (point a point): 1.7A
Limite d’information: ~1.2A

Pha.
020 —| @
CM30ST LaB6
ver | Emmission thermionique
. Cs: 2mm
. Az=76nm
Résolution (point a point): 2.1A
ebirobondn Gy Fogurfnipe Limite d’information: ~1.9A
2022 Experimental Methods in Physics Marco Cantoni %
0 le. .
080 | V\\\\\‘: CS=O.2mm
-0.80 - 10 le.
Dilemma: Cs=0mm: no more contrast....

2022
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Pass bands

Az=44nm

N
\)“?*
o)
N
A
Q"o
RS
4
B\
Qg
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defocus .

Wave funct. -

—_ scherzer
proj. pot.

Au [100], thickness 20nm
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o
.
.
.
.
———

roe0s080

HRTEM image formation .ﬁi;g.
|

] . 0
ost¥ree -
€e%e® : I {
i j hase of exit wave
specimen project. pot. atom pos. p!
o sl frcin

Phase transfer function
Partial spatial and temporal envelopes included
Crystal : PMTPZ05_randlayer
Acc. Voltage [ KV : 300 | Defocus / nm : 87 1 Cs f mm: 0.7
Defocus spread / nm : 10,67 | Beam half cony {mrad : 1
Vibration amplituce / rm: O | Specimen chift / nm/s: 0

Pha . e
[llumination ] =
coherent ‘ o2 N 1
1 m 1, A ' o o 1 nm-d
v IR S T W TR VI Y os \V\ §31 i
prOJectgd > 4
potential
[ specimen ) u Zone 1 [2-1,-1] C
m Problems:

defocusing for contrast: delocalization of information, information limit not used

objective lens
Spherical aberration
Cs

Transfer
Function

thickness

image

100 .. w LN LN LR R

image of “projected potential”

“de ‘
2022 Experimental Methods in Physics Marco Cantoni .%

) ..

Experiment

32
E
=
2 24
2
a8
[¥]
=

16

8 .

-23 -33 -43 -53 -63 -73 Can you figure out the underlying explanation?

defecus [ nm]

Thickness-defocus map in Fe3Al intermetallics
M. Karlik Materials structure, 8 (2001),3
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“"delocalisation”

efocus 0
astigm 1 nm, €
- i SEE

s

i'

Au nanoparticle on amorphous carbon.Various defocalisation

2022 Experimental Methods in Physics Marco Cantoni @

HRTEM image formation Qi; . [!!!!
[ ] [N P ] ] - - - ]

S BREE

Spe:;r;en project. pot. atom pos. exit wave

Phase transfer fif

Partial spatial and temporal
Crystal : PMTPZOS

Acc. Voltage / KV : 300 | Defocus |
Defocus spreacl / nm : 10,67 | Bea
Vibration ampitude / m: 0 | Spe:

Phase transfer function
Partial spatial and temporal envelopes included
Crystal : PMTPZOS5_randlayer
cr. Voltage [ 14 = 300 | Defocus ] rvm - 45 | Cs [ m: 0.7
Disfocus speead { v § 10,67 | Beam hatf cone f mad : 1
Vibration ampltudes | rm: 0 | Specmen diift | nimfs: 0

. Pha.
[llumination o
coherent o |
o 1 nm-d

projected
/ potential
[ specimen

m Problems:

defocusing for contrast: delocalization of information, information limit not

Zone : [2,1,

Zore : [2-1,1]

objective lens
Spherical aberration
Cs

Transfer
Function

thickness

image

image of “projected potential”
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Exit wave function reconstruction

C. L. Jia and A. Thust
PHYSICAL REVIEW LETTERS 82, 25

Iterative Wave Form Reconstruction: IWFR
FEI: Truelmage

FEG

Source

L

Reconstructed Image

HRTEM
Focal Image Series

Computer
Software

A. Thust, M.H.F. Overwijk, W.M.J. Coene, M. Lentzen

reconstructed phase of {111} twin Ultramicroscopy 64 (1996) 249-264
boundary in perovskite BaTiO3 L.J. Allen, W. McBride, N.L. O'Leary, M.P. Oxley
<110> zone axis. Phase of EPW reconstructed from series of 20 Ultramicroscopy 100 (2004) 91-104

images with different defocus values.

The inset is a simulation for a specimen thickness of 2.8 nm. Circles
denote oxygen columns located in the boundary plane. {111} Ti planes
are labeled with “T” and {111} Ba-O planes with “B”.
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L
P —_—
correctors N
Ly c
P N sagittal
o) Z— % P
meridional
i 4 —
Astigmatisme b C C2
Optique: correction avec une lentille  , © - P
lindrigue Fig. 2.19a—c. Light-optical
Cy q > analogne of the action of
EM: correction avec un stigmateur: Objective  Stigmator astigmatism (L1 + C1) and

quadmpﬁle a stigmator C2 [2.30]
Image d'un point = ligne

Deux quadrupdles montés a 45°
permettent d'ajuster la force et la
direction de la correction

Abbération sphérique —
Optique: utilisation de lentilles avec
des surfaces non-sphériques

EM: combinaison de quadrupdles et
d'octﬂpales Fig. 2.12. Construction of a quadrupole

lens
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Aberration Correction

CETCOR - CTEM CESCOR - STEM
;;E:’: ‘ 01 rfrrfrfrrmrYrYrYyrryryroyrrry
E Aberration- ;
1 corrected EM
2 é
£ 10f E
o) L Electron ]
h . A i
73 t  Microscope ;
o) 100} E
: -
< : oTEM |
1000 f 2 STEM ;

10°F
[ ight Microscope

105:|nnl;.nl:;-l;nn!-anlnl|§
1800 1840 1880 1920 1960 2000 2040

2022 Experimental Methods in Physics Marco Cantoni @

PCTF

the aberration-corrected transmission electron microscope
(Rose, 1990; Haider et al., 1998)
Maximilian Haider, Stephan Uhlemann, transfer (:OUblet hexapole
Eugen Schwan, Harald Rose, Bernd Kabius, Knut Urban cL D1 W D2 H.L 2
— T -

NATURE, VOL 392, 1998 A —
> » HIH AN ar
N DB AR
(o 2 f o cos. [RNYAT I = il i
/ fD-;d: :lq-fD 2fp RFD_]_ 2fg fDT
A% F )
CF No Ny Nz

B

- Cs-correcto
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Super microscopes.....

Pha.
R

. Cs=0.2mm

080

060 —

040

020 o

-0.20 o
-040
-0.60

Pha.

“ Cs=0.01'mm

080 —

060 —
‘ 040
Product of envelopes atial envelop Temparal envelope

020

-0.80

-0.20 o

040

-0.60

Dilemma: Cs=0mm: no more contrast for
low space frequencies.... e
2022 Experimental Methods in Physics Marco Cantoni @

Cs correctors 2008: FETI Titan

Breaking the spherical and chromatic aberration barrier in
transmission electron microscopy

B. Freitag, S. Kujawa, P.M. Mul, J. Ringnalda™, P.C. Tiemeijer

E_D(G) conventional

10 —— E_D(G) comrected

\ w==E_D(G) commected monochromated
CTF conventional

— CTF corrected

= CTF corrected monochromated

054

Contrast Trasnfer Function

spatial frequency G [1/nm]
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Sharp interfaces

Cs corrector on

Marco Cantoni

No delocalisation at interfaces anymore
Cs corrector off

al field

Experimental Methods in Physics

Gold crystal

a convention

of directly mnterpreting an image from

emission gun system.
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5. SCANNING Transmission Electron
Microscopy

STEM

High-Resolution STEM
HAADF

2022 Experimental Methods in Physics Marco Cantoni @

b) CTEM/SEM principles

—__ Flectron_source
Slide Projector )K: " Electron_bean —— Electron source
. | _ }._Electron beam

.| . Specimen (thin)

|
e |l o Deflection Yoke
H W
Lg || < .
|

thick) "i, . N

TV Monitor

Vacuum

What you
see is what
the
detector
sees !l

rfiygrestent screen
L

Conventional Transmission Scanning .
Electron Microscope Electron Microscope
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TEM-SEM

interaction of electrons with the sample

Backscattered electrons

BSE

Auger electrons

1-100nm

SE

secondary electrons

Characteristic
-rays

isible light

“absorbed” electrons

electron-hole pairs

Incoherent

elastic scattering

Coherent elastic scattering

direct beam

Bremsstrahlung
X-rays

inelastically
scattered electrons

2022

Experimental Methods in Physics
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Source

Reciprocity

5
£
5
= Lens
A 200 | 2 CTEM
A STEM 20 2B
Lens

Cowley (1969): for the same lenses, apertures and system dimension
the image contrast must be the same for CTEM and STEM

Cowley, 1989

Figure 3. Bright-field STEM image of a small MgO
crystal in [1 10] orientation [95).

B

Detector

2051eM = 2BetEM

2Bsrem = 2 Aetem

2022

Experimental Methods in Physics

‘B

Marco Cantoni




Microscope is operated in diffraction mode
Diffraction pattern = stationary pattern
BF/DF detectors

Pivot point of
scanning system~_ Front focal plane

of objective lens

Upper polepiece
of objective lens

Convergent
scanning beam

Bragg
diffraction
?ngle

AN

\\
20\\\\\
L ed

Lower polepiece
,/ of objective lens

/
/7
V|
/
 /
~ R / Back focal plane
\Q"‘ Y2 _~of objective lens

1
Transmitted spot in Diffracted spot in
stationary diffraction stationary diffraction
pattern pattern

Figure 1.7. Stationary diffraction pattern formation in STEM.

Pivot point of
scanning system_ Front focal plane

of objective lens

Upper polepiece
of objective lens
Convergent
scanning beam

Bragg
diffraction

\ Lower polepiece
Lo // of objective lens

\
<\ 4
X \\X\\ y Back focal plane
\Q" Y _~of objective lens
Transmitted spot in Diffracted spot in
stationary diffraction stationary diffraction
pattern pattern

Figure 1.7. Stationary diffraction pattern formation in STEM.

2022 Experimental Methods in Physics
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Au particles ona C film

Scanning
beam

Au islands
on C film

N

B Diffraction pattern

Microscope is in diffraction
mode

D Detectors placed relative to
diffraction pattern

STEM BF:

Detection of transmitted
electrons:

contrast similar to

CTEM BF image (objective
aperture selects only
transmitted electrons)

STEM ADF:

Detection of diffracted
electrons on the annular DF
detector:

(integration of multiple
CTEM DF images)

2022 Experimental Methods in Physics
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Bright field/ AnnularDark field detector

influence of camera length and convergence angle

Big camera length small camera length

The selected camera-length (magnification of the diffraction pattern)
determines what the detectors “sees”

2022 Experimental Methods in Physics Marco Cantoni @

Bright field TEM <->STEM

3b. Triple point in pure Al (STEM BF, 2~ 6 x 10 3 rads, probe size

2022 Experimental Methods in Physics Marco Cantoni @




Single atoms (or |
small groups of
atoms) of Pt on
crystalline Al,O,

»  The ADF image provides a signal which depends strongly on the
bragg scattering (Al,O;). DIFFRACTION CONTRAST

*  Single atoms scatter electrons incoherently to higher angles
~ “z-contrast”

2022 Experimental Methods in Physics Marco Cantoni @

c) High Angle Annular Dark Field

z-contrast
(atomic resolution)

Ultramicroscopy 30 (1989) 58-69
«  North-Holland, Amsterdam

Z-CONTRAST STEM FOR MATERIALS SCIENCE
- S5.J.PENNYCOOK

+  Ultramicroscopy 37 (1991) 14-38;

*  North-Holland

* High-resolution Z-contrast imaging of crystals
S.J. Pennycook and D.E. Jesson
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Incident convergent beam

Specimen

0, > 50 mrad off axis
6, > 10-50 mrad
05 < 10 mrad

HAADF detector
ADF detector

HAADF detector
ADF detector
BF detector

2022 Experimental Methods in Physics Marco Cantoni
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High Angle Annular Dark field detector
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High angle incoherent scattering

«  The annular DF detector is
placed beyond the bragg-
scattered electrons...

+  Small camera length and
large diameter of the
detectors inner diameter

The image is formed by
high angle incoherently
scattered electrons
-> Rutherford scattering at
the nucleus of the atoms

o~ 72

7-Contrast Si nano-crystals in SiO, formed by implantation

2022 Experimental Methods in Physics Marco Cantoni @

HAADF <-> HRTEM

* Pt catalyst on Al,O4
* Pt particles become visible in the HAADF image

2022 Experimental Methods in Physics Marco Cantoni @




HRTEM <-> STEM HAADF

A HRTEM STEM-HAADF B

2022 Experimental Methods in Physics Marco Cantoni @

Defocus (A)

-900

Fig. 12. Simulated images of Si{110) corresponding to the probes shown in fig. 11.

No contrast reversal as in CTEM HRTEM images !!!!
no repeated contrast patterns at different defocus settings
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HAADF-STEM study of p'-type precipitates in
an over-aged Al-Mg-Si-Ag alloy

Figure 2. (a) Unprocessed high-angle annular dark field scanning transmission electron
microscopy image of a typical precipitate rod-section, consisting of ordered g, domains
separated by anti-phase resembling boundaries. The white box delimits an area shown enlarged
in (b). (b) Noise in the enlarged image was filtered by applying a circular band pass mask
that removed all distances shorter than 0.12nm. Periodicity in the hexagonal plane of the g,
phase is indicated. (c) Atomic overlay on the delimited area that was further enlarged. The unit
cells of B, and U24, are overlaid using dark and white thick lines respectively; the Si columns
belonging to a f), domain are connected by full thin white lines. Across the boundaries
they are connected by thin dashed white lines; Mg atomic columns delimiting the domains
while being part of the boundaries are connected by thick triple white lines. The Al atomic
columns corresponding to Ag-free U2 are shown as circles with dotted lines, and the Al atomic
columns in the model of ﬁ:,\g from Table 1 are shown as circles with dashed lines.
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Chemical analysis on atom columns
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