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Summary

Contrast in TEM images results from the scattering of electrons in thin
samples and changes in the phase of the electron waves. When 2 or more
electrons beams scattered from the sample interfere and are transferred at
high magnification to detector plane, there can form an interference pattern
that we commonly refer as a high resolution TEM image. The phase shift of
the electron waves can be used to map the atomic structure of the sample
which appear as fringes (2 scattered beams) or white and dark spot patterns
(>2 beams). The contrast mechanisms are difficult to interpret being very
sensitive to many factors such as thickness, orientation and scattering of
the sample, objective lens focus and aberrations, electron beam coherence
and convergence angle on the sample. As such, we need simulations to
interpret them properly.

HREM TEM simulations are needed to interpret the contrast mechanisms and
complicated Interference Patterns of HRTEM IMAGES. Through careful
experimentation, image acquisition and simulation of HRTEM images, we can —
reconstruct the projected potential of the specimen and determine its .

atomic structure. The common method for simulating HRTEM images is the

multi-slice calculation in which the sample volume is sliced into sections and ' \
the associated phase shift due to scattering from the sample's crystal '
structure is sequentially calculated for each slice. The calculation can take
into account the microscope performance and experimental conditions, such
as aberrations, objective lens defocus and sample thickness. Because the
HRTEM phase contrast is very sensitive to defocus and sample thickness and
it is difficult to known these parameters experimentally with the required
precision, we can simulate montages of HRTEM images that illustrate the @
variance in the pattern with defocus and thickness which can be compared to -

the experimental data.
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CIME Talos, modern TEM

Talos F200S at CIME-EPFL

Electron Gun S-FEG

Lens System Constant
Power

EDS System 2-SDD

Specimen loading Remote with
touch screen

STEM HAADF 0.16 nm

resolution

TEM Informationlimit 0.12 nm

TEM point to point 0.24 nm
resolution
Camera CMOS (CETA)
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Examples form Talos

Nanowire with defects




Nanowire oxide
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Analysis of thin films

10 nm
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Bright Field Imaging

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

Optical axis Optical axis

Electron source Electron source

Condenser lens -« Condenser lens <{u

Specimen Specimen
Objective lens < Objective lens <l
Back focal plane/ Back focal plap

diffraction plane diffraction pla:

Intermediate lens (¢ Intermediate lens -

Projector lens- &

= d
Image Image
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electron at 300keV:

+ v=2.3310%m/s (0.78 c)
1 2 =0.00197nm

* O4igs = 103 rad

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

The image should ressemble the
atomic structure |

Atomes...?

Thin samples: atom columns:
orientation of the sample
(incident beam // atom
columns)

The observed contrast varies
with thickness and
defocalisation...|

Need fto compare with
simulations !

© Ba
Cu

L] Hg
lslcuO-Ca-

161A 127 A,

.

e
L=,

Q
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the TEM in "high-resolution” mode

A high-resolution
image is an
interference image of

Champ clair Haute résolution

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

Pl A '
R

lame mince

lentille objectif

Bright Field

diaphragme objectif

lentille intermédiaire -

lentille projectif -

plan d'observation

High-Resolution
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The ob!'ective 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: o g
Aberration coefficients: et
C,: spherical . : A
C.: chromatical b :
- Always positive !l Do Firy
'l S h“’“ + e ! ‘- .‘_-‘ . r:
@ -%I{b‘k‘+2(hb’+k’b)’¥+2b’h’k"}dk o> "'&'P‘ . X v % e
& w-":_".‘i‘b&- o F{"_‘; :.Jﬂ- o
e Lowa RIS Igte
B S ST SRR e Lttty
Example:
. . . 3/4~ 1/4 A=0.00197nm, C, =1 mm
ReSOIUTIOH llmlT' Dres —_— 0.662 CS Dres - 18 10.10 - 18A

e A

Image formation

« Source: coherent and

monochromatic

* TIllumination: parallel

[llumination

coherent

-+ Sample: thin, nicely prepared
(no amorphization), orientation

| e / (zone axis)
[ exitwave | - objective lens: aberrations,
objective lens fOCUS, Stablllty /
Spherical aberration
Cs

- projection lens system

(magnification)

image
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Image formation

Illumination: parallel beam

Y(r)="1Y, expz”m'F

. le:
[llumination Samp
coherente weak phase object:
weak phase object aproximation (WPOA)
/ - Objective lens:
| specimen Abbé's principle
m transfert function
coherent transfer function (CTF)
objective lens 7\ — v v
Spherical aberration LIJi (X) - LIJo (X) ® T (X)

Cs
Image contrast (intensity)

(%) =¥ (X)¥ (%)
image
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sample = phase objet

Wave vector in vacuum:

Plane wave
K= f2me(E%2

0000000000000 (i porenta Wave vector in a potential:
OO0O0O0O0OOOOOOOO
O00O0O0O0OOOOOOO =
AP k_\/zme(E +V(r)y
NAAAAAAAAAS a h?
A W W e e W W e e ey
Exit wave
: : . o., =
Phase shift Aa due to the cristal potential V: Aa = 2—Vp(X, Z)
T
_7
o=k
Exit wave function: Y (X) = exp[— oV (X; Z)J
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WPOA

 Weak phase object approximation:

W, (X) = exp|-ioV, (X%;2)|= 1 -ioV, (X;2)

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 \{Jo
structures: Voi 0000000000000
Y, E
\P’l ~T T ~—— ~— 7
Vo OO0O00OO0OOOOOOOO
OCO00OO0OOOOOOOO Y, ?
O00000O0O0OOOOO g ~ o~
O0000O0O0O0O0OOOO va3 O00O0O0O0OOOOOOO
lPB

The sample is cut into thin slices
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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.

Wix) = [W,0T(x—u)du = ¥ ,(x) ® T(x)

—oa

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

Wi(h) =Y, (h)T(h)

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

I(x) = VY,(x)¥,(x) I(h) = ¥ () ® W, () = [¥,(i)¥, (h~K)dh

L(h) = [¥,(I)T ()] ® [¥,(~)T (~h)]
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Abbé’s principle

() FT Yo(h) ~ FT  ¥(x)
Iy
— ] 5
O15
: -
03: | »)
I
T(h)

Principe de la formation de 1'image proposé pour la premiére fois par Abbé. L’onde
incidente monochromatique est diffractée par 1’objet. Le diagramme de Fraunhofer
de la fonction d’onde de [’objet est formé dans le plan focal image de la lentille, plan
dans lequel la fonction de transfert de la lentille est T(h). L'image I; de ['objet O, est
le résultat de l'interférence des ondelettes secondaires émises par des sources
ponctuelles S; placées dans le plan focal image de la lentille.
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Transfer Function

T(h)=u(h exp[27zi;((ﬁ)],

* Phase factors:
- Spherical Aberration
- Defocus




Transfer Function

T(R) = exp|iz ()]
Spherical aberration defocus

Object plane

image plane

Image formation

* Illumination

Y(r)="1Y, expz”"z'f

[llumination
Sample

¥, (X) = exp|-ioV,(%;2) |z 1-ioV,(X;2)

coherent

| sbecimen / objective lens
objective lens T(ﬁ) = exp[27zi;((ﬁ)] avec Z(ﬁ) = 0.25Csﬂ3h4 +0.5Az2h*

Spherical aberration
Cs

(%) = ¥, (%) ® T (%)

Image, contrast
image L(X) = % ()% (X)




The « magic » of image contrast

Weak phase object
Vo(x) = expl-ioV , (x2)]=1-icV (x:2)
Vo(h) = &(h)—icV,(h)
Fourier
W,(h) =Y, (I)T(h) = ¥ (h)exp|2miy(h)] Space

Wi(h) = [8(h)—icV,(h)][cos2my(h) +isin2my(h)]
Selecting sin[2my(h)] = -1 |, cos[2rmy(h)] = 0 for the strongest reflections h

Image wave function

¥,(h) = 8(h)— oV, (h)

The image intensity ~ '¥;(x) ‘Pi*(;)) is given by :

Intensity of a weak phase objet in “direct” contrast

I(x) = (1-6V,(x)(1 +6V,(x)) =[1-26V,(x)|+ O(6"V;(x))
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but....

Selecting sin[2my(h)] =0 cos[2my(h)] = 1. for the strongest reflections h

Image wave function
W,(h) = [3(h) —icV,(h)]

Intensity of a weak phase objet in “reversed” contrast
I(x) = (1=i6V,(x)(1 +icV,(x) 4 1 +0 V()

Intensity is proportional to the square of the projected potential V, : Image interpretation in terms of atom
columns becomes complicated....

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

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

A R e R R A e




CTF

CTF: contrast transfer function T(h)= eXP[ZﬂiZ(ﬁ)]
(« useful part » = V,) 2(F)=0.25C_2h* +0.5A22h°

CTF(h)= —s1n[2 C.A’h* + zAzih }

Coherent Contrast Transfer Function
(h.k.1) planes for : auxxxx

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

: | /\/\"'. | f\ 0 1 /\ /f\ '\5 m
/\‘\ / \ IH| Ii“M ' '\IIIL . fllll- IIIII'- — !’lll 1(11‘)’” {1

|
0. T T \r Ii T T HI ‘ [ |nm-1] \I

- / '. £ " ,/ ||
| \/I Bl "'”'L' Jo VI ,rm\;wm

wi[pm] 1.969 / ¢s[mm) 0.65 / df[nm] 98.0/ds[nm] 4.0/ sc[mrad] 0.40

wi[pm] 1.969 / ¢s[mm)] 0.65 / df[nm] H.Oa’ds[nm] 4.0/ st[mrad] 0.40

« Scherzer Defocus »

With AZscherzer
Coherent Contrast Transfer Function
(h.k,l) planes for : auxxxx

—\/% C.A "] /\/\ s\ (\ I 'Hil
\ | Il
The CTF has a wide \ AR
X v T T v T ullv I' T ]'1]117[ [nm-1]
pass band | | UH ||||”
iy III II| {
lt 1 3 4 I H ‘I"\_," | 11'a“ u wsu 10

wi[pm] 1.969 / cs[mm] 0.65 / df[nm] 44.0/ds[nm] 4.0/ sc[mrad] 0.40

D =0.664"*C,"

scherzer
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) = (1-0V,(x)(1 +GV,(x)) = 1=26V,(x)+ O(c"V,(x)




Spatial and temporal coherence

T (R) = a(R)exp[27i ;((H)]

Information
limit

CM300UT FEG A

Field emission "] Resolution
C: 0.7mm i (Scherzer)
Dz= 44nm

Resolution (point to point):
174
Information limit : ~1.24




A good (old) microscope

Pha.
CM300UT FEG
Field emission
C,: 0.7mm “1
Az= 44nm "
Resolution (point to point): 1.7A e
Information limit: ~1.2A

CM30ST LaB6
Thermal emitter
Cg: 2mm
Az=76nm

Resolution (point to point): 2.1A
information limit: ~1.9A
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defocus

v

Wave funct.

—_ scherzer
proj. pot.

oaterv e AL A

Au [100], thickness 20nm

eg e } . e . M . 2 - {
HRTEM image formation qir E . ! . ! . ! ' !
—— o @ & s @ _l 4 4 -
8 i N EEEEEEE
© :‘ L L eBeBeBe
% ” o T
Specrmen project. pot. atom pos phase of exit wave
Phass trarsfer function
Partial spatial and temporal ervilopes inchuded
N L ot et
lllumination + //\u\ :
coherent 1 \ \ ,f./\
2 IR T \  a— 2 o
projected * J

4

| specimen

objective lens
Spherical aberration
Cs

image
image of “projected potential”
f £ L
Vop e hrren A AR A

potential

Transfer
Function

Problems: n

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

thickness

Q/f

ll




40 Experiment

w
[2+]

n
B

thickness [ nm ]

16

Can you figure out the underlying explanation?

defocus [ nm]

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

Tigm 2 nm,

Au nanoparticle on amorphous carbon.Various defocalisation
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Example: What is the secret of a relaxor..?

rhombohedral

excellent dielectric, electrostrictive, and
pyroelectric properties for

high performance sensors and
actuators

Cooling

! || Heating

nanoscale chemical inhomogeneity in
the B-site sublattice

Relative Permittivity

:
f
i

2000 -

L fpse
94°c
i 1 Ail " 1 " L " L " 1

80 100 120 140 160 180 200

Temperature(°C)
direct observation of the B-site cationic order in the ferroelectric relaxor
Pb(Mg,,3Ta,;3)0;
by high-resolution Transmission Electron Microscopy

1
60

I B R e B A TR e i )
CRIBEEE L R L
The cation ordering on the B-site of Pb(Mg,,3,Ta,,3)0;
0% @ S
; e '"8"e o
perovskite 5 S . O
© &
» ©
o B
‘ ‘ Mg and Ta occupy
Mg and Ta randomly distributed alternatively the different B-sites
on the different B-sites wordered*
.disordered 1:1-type superstructure
f s I W 4 A o (a,f
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Chemical ordered regions in Pb(Mgl1/3,Ta2/3)O3, two different models

Space-charge model: M- Ta e 1.2 Random-site model
perfect 1:1 ratio in ordered regions g:la=1lc (alsocalled random layer)
Mg: Ta=1:1 Perfect overall stochiometry

B. P. Burton and E. Cockayne,
Ferroelectrics 270, 1359 (2002).

B. P. Burton
J. Phys. Chem. Solids 61, 327 (2000).

first-principles total energy
calculations:

random-layer model is an
energetically stable ground state
structure

Different zone axes




HRTEM image simulation with JEMS

Image contrast simulation [211] zone axis
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exgerimental imgge ggmgg;ed to simulations

000 000

Space-charge Random-site

Cantoni, M; Bharadwaja, S; Gentil, S; Setter, N. 2004.
Direct observation of the B-site cationic order in the ferroelectric relaxor Pb(Mg1/3Ta2/3)0-3
JOURNAL OF APPLIED PHYSICS 96 (7): 3870-3875.
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HRTEM image formation

] ’
specimen project. pot. atom pos. phase of exit wave

Phasa trarsfor furction
Partil spatidl o

al ervilopes inchuded

[llumination

|
.
o]
coherent 02 iﬂ
-
d

projected
% potential
| specimen

m Problems:

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

GO i

objective lens
Spherical aberration
Cs

thickness

image

image of “projected potential”
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Exit wave function reconstruction

C. L. JiaandA. Thust
PHYSICAL REVIEW LETTERS 82, 25

Iterative Wave Form Reconstruction: IWFR
FEI: Truelmage

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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Aberration Correction

CETCOR - CTEM CESCOR - STEM
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correctors :
sagittal
s "
“meridional
Astigmatisme
Optique: correction avec une lentille ) % & D
Cy|indrique . Fig[ 2.IBa;c.!l.ig}nt-ulnptirnlr
analogue ol the action o
EM: correction avec un stigmateur: Objective  Stigmator 2% e (14 % C1) and
quadrupdle ' TR

Image d’un point = ligne

Deux quadrupoles 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
dfoctopales Fig. 2.12. Construction of a quadrupole

lens
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(Rose, 1990; Haider et al., 1998)

Maximilian Haider, Stephan Uhlemann, transfer (3oublet hexapole
Eugen Schwan, Harald Rose, Bernd Kabius, Knut Urban oL D1 W D2 1-42
NATURE, VOL 392, 1998 TS A
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SuEer' microscoges.....

Uncorrected with Cs=1mm Corrected with Cs=0.01mm
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Cs correctors 2008: FEI 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
——E_D(G) comrected
=== E_[(G) comected monochromated
—— CTF conventional
. — CTF cormected
.| ===CTF corrected monochromated

10

05 A .I RN

Contrast Trasnfer Function

spatial frequency G [1/nm]




Sharp interfaces

Cs corrector on

No delocalisation at interfaces anymore
Cs corrector off
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Gold crystal

(a)

Fig. 5. Images of gold crystal recorded with monochromator
on and Cs corrector on, with insets illustrating the difference

between Cs corrector on and Cs corrector ofl: (a) The edge is

ged, without fresnel fringes or delocalization effects.

(b) The image without Cs correction, illustrating the difficulty

of directly int
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erpreting an image from a conventional field

emIssSion gun system.
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3 Ultrahigh-Resolution Transmission Electron Microscopy at

Negative Spherical Aberration
Knut W. Urban, Juri Barthel, Lothar Houben, Chun-Lin Jia, Markus Lentzen,
Andreas Thust, and Karsten Tillmann

NCSI

- L - . - - . - - -
SR aRerTesPOre - -—s e -
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©s@®@ © Srwme ROV Br B -
[110] - - . - - -
SrTiO, -, es e .
- - - -
(@) (b)
Figure 3.2 SrTiOs. (a) Perspective view of the unit cell. (b) Figure 3.3 Experimental image of SrTiO; taken along the
Projection along the [110] crystal direction. In this viewing [110] zone axis employing the NCSI technique (FEI Titan
direction, three types of atomic columns are distinct, which 80-300 with imaging corrector, operated at 300 keV). All

are occupied alternatively with strontium and oxygen, with

. ‘ three atomic species are visible (compare inset) at bright
titanium, and with oxygen atoms.

contrast on a dark background.




10 -12 -14

Thickness (nm)

Thickness (nm)

(a) b)

Thickness (nm)
Thckness (nm)
oW
N o

+ 40 pm

(d) Cg =40 ym Cs

]

Figure 3.4 Simulated images for SrTiO; [110] at 200 keV. The composite shows a single unit cell in [110] projection for dif-
ferent defocus values Z and sample thicknesses at an electron energy of 200keV for the spherical aberration parameter Cs =
Onm, +40 pum, and —40 pm (a—c). (d) Direct comparison of the positive and negative Cs situation, where in the —Cs case
overfocus (positive values of Z) and in the positive Cs case the usual underfocus (negative values of 2) is applied. The frame
is used as a guwdc for the eye for same sample thickness.
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Figure 3.13 Pb(Zrp;Tipg)Os imaged along
the [110] direction. The inset on the left
shows that the horizontal Zr/Ti atom rows
are shifted toward the respective Pb atom
row above the Zr/Ti row. Oxygen is shifted
even more, thus becoming no longer co-
linear with the Zr/Ti rows. This indicates
that the material is ferroelectrically polar-
ized. The polarization vector p points down-
ward. The inset on the rlght shows opposite

LT LT
Pb(_). e o o o
(0o gene
. [ ] L ] - @ .
..........‘.
- - - - - -

atomic shifts. The direction of the polariza-
tion vector there is upward. The dotted line
shows the appertaining ferroelectric inver-
sion domain wall. With respect to the atomic
structure, the inclined domain-wall sections
consist of vertical transversal and horizon-
tal longitudinal domain-wall segments. As

a result they are uncharged. The horizontal
sections are longitudinal domain walls, which
are charged [56].
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Cs-corrected imaging

g e direct imaging of heavy and light atoms in a sinlge
= image
c_jd *  No delocalisation: atoms are seen at their real
c s position
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