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(Ely What is CTEM 7

What is conventional microscopy ?
Structural characterization :
- Sample morphology (grain size, precipitate size, etc.)
- Crystal defects (dislocations, faults, grain boundaries, etc.)

» Crystalline symmetries (point and space groups)

Atomic scale ? - Crystalline and non-crystalline materials Diffraction contrast !

Dislocations in stainless
steel material

VS
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Why GlIeM 7
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Example : what kind of informations are required to study dislocations in materials ?

local

(the core of the dislocations global
governs their mobility)

Nanometric scale:
High resolution

» Very fine structure (atomic scale)
* Not easy to use (surface-dependent)

(geometry and organisation)

Mesoscopic domain :

Conventional transmission microscopy

Stainless steel

| & % N\ . ] . '7 :
.qglyprystal!l}@\@wgp‘f}‘ L / ///
\ \ - i . 3 - / ',.

Macroscopic region (SEM or
Optical methods)

- Slip traces

- Slip plans

» Burgers vectors activated
* No local information
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(Ely Why CTEM 7

» Magnification neither too small nor too large : x 10 000 to x 100 000

- Area observed : from SO,um2 to l,um2

* Requires a standard microscope (not necessary coherent nor corrected)

50 nm

Sample : NisAl
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(Eliiy Atomic form factor

| Atomic diffusion site
Incoming electron ‘ —
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See Doyle-Turner or Weickenmeir-Kohl diffusion coefficients in International table of crystallographic
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Diffraction by a periodic set of diffusion sites
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(Eliby ntroduction to electron diifraction theory : the Bragg law

The diffraction pattern can be deduced from the intersection of a sphere called the Ewald sphere with the reciprocal crystal lattice :
= Because of thinning : Bragg relaxation

Ewald sphere

|

Ewald sphere

In TEM we will always assume

s =S5

8
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Ntroduction to electron diffraction theory . geometry of a diffraction pattem

‘ electron
beam
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-\ and iImage formation : the Abbe theory of Imaging @

INSA
—r—{_ Sample

attern_ \ '

Back focal plane

Image plane

agnified electron image of the samp)y



([m]'; oelected area electron diffraction (SAED) © strength of the TEM @
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Sample -;:-

Obijective lens

Back focal plane (BFP) SrTio3 [100]
rTioO3

Selected area aperture
Image plane

Plane conjugate with BFP

A'Pbly cristalline =
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Monocrystal Polycrystal

Reticular
plane |

(hkl)
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([["]9 Incoming electrons beam K\KUCW Hﬂ@g IN§,Lﬂ @

Sample

Focal plane

Diffraction intensity

- The spots positions are « attached » to the illumination condition (Ewald sphere) ' X
 The kikuchi lines (and the spot intensities) are « attached » to the sample tilt .



<kuchi nes : zone axis pattemn [ZAP INSA @
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Viapping of the rocking curves  the convergent beam electron diiiraction pattem (CBED)

S Convergent beam

Sample N
Objective lens
Focal plane
‘ Excess line
Image plane Default line

INSA @
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([ﬂ]]9 ohape transforms

Intensity distributions of a
Crystal shape reciprocal lattice point
a) Crystal dise —— Needle

Ewald sphere

b) Needle
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([m]l; —Uygens-rrresnel principle | spnerical wave propagation

_1+cos@) 1 i
k(©) = 2 iA =40) i/

27mikR
-} w(P) = H dy = ” K(H)l/fe B ds
S S

(Ill) Integration variable change due to wavefront geometry

Old .
New dS = rdy2rrsin(y) R=%=7r%+ (r + RO)2 — 2r(r + Ry)cos(y)

wavefront

asS =2rx : ' RdR

Huygens-Fresnel principle :
The secondary wave amplitude at the point P

iS obtained by summing the amplitudes

of the spherical wavelets from a spherical wavefront of radius r.
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([m][} Resolution using amplitude phase diagram (APD)

> 2 ik R First Fresnel zone contribution P
(V) We have to evaluate the following integral A(H)e dR @ =2nk(R—R)=n = R—-—R,= >
R o
: l Imaginary axis

=\\e separate the wave front in Fresnel zones

RT = AW@O) | = ryppl

@ = 2nk(R — R)

e 2mik(r+R,)

o0

R 2 2 r+ Ry Real axis
. Each element dR is a vector inclined /

o : | —%'?dR

The secondary wavefront in P is indeed a spherical wave by an angle @ in the complex plane



([m][} “resnel zones rules : plane wave propagation INSA @
Let’s consider the propagation of a plane wave written g2mik.r
Using Huygens Fresnel principle we can show that each Fresnel zone will contribute through the following integral : Ludwig Reimer
Helmut Kohl
2/ : A 1 2 rikr n+1,27iks
W, = — I —e" 2npdp = Y, =1 +008(0))(-1)""e
y R B ]/‘l SPRINGER SERIES IN OPTICAL SCIENCES
N Transmission
A\ Electron
\ w(P) =yl + Uy —va D+ .+ (o — v D — Ly Microscopy
i 0
[ —— Physics of Image Formation FifthEdj(ibp

<

P

Jian Min Zuo
John C.H. Spence
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v
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)
w(P) = |y | — |wyl

For an incoming plane wave we have (n = o0 = 0, — 90°): w(P) = D2k _ p2mikz — o2mikz

Imaging and Diffraction in Nanoscience

The secondary wavefront in P remains a plane wave
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([m][} Application of Fresnel zones : Fresnel finges

Evaluation of Fresnel integral using APD (Cornu’s spiral)

1 1
Converge to (5, 5) as § moves from 0 — £ oo

0.8
0.6
0.4 -
0.2
0.0
. 0.2 }
1.4 ) 1.37
I'=]pC, |~ 04
1.2
= 0.6 |\
§ ) L Dt ORISR T SR AN S S0 A 0 R R WA AN AN L N_M%%W
I= 0.8 | . ‘ | » , »
0.8 ‘08 -06 -04 02 00 02 04 06 08
0.78
0.6
0.4 B
11 L
0.2 ;0'25 ¢(X, y) X -1 — (X+ lY)
2 2
0.0 |
A -5 0 g 5 10
Aperture shadow




Application of

—resnel zones

—resnel

—Nges
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...........................................................................................................

LR 8 2 )

Aperture shadow
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([m][} <Ineméatical theory of diffraction: the column approximation INSA @

e [ et’s consider an incoming plane wave yy,

7 =0 POLd bbb dvbbviiii

on a crystal define by a thickness ¢
e Electrons wavelength : A = 3,7pm — (100keV)

o Radius of the first Fresnel zone : p; = 4/ RyA

= Ve want to estimate the contribution of the slice dz to y5(P) d Z

() For Ry = 100nm we have p; = 0,6nm

This means that only a column with a diameter of 1 — 2nm is contributing
to the amplitude at the point P. We will only consider this first Fresnel zone.

» The method is therefore called the column approximation.

dz
(INThere are 7 unit cells per unit area in an element of thickness dz.
e

Thanks to Huygens-Fresnel Principe the contribution dW? of this element is :

e27rikR 27TdZ "R

dz |
- ds = v F(0)e* kR

dllfg* = 1/1076 | r 3(9)

R V, Ja

K(0) = F-(6)
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([m][} Diffraction Intensity under column approximation INSA
(

ll) To estimate the diffracted intensity I? we simply have to integrate dl//? over the thickness Integral estimation using APD :

1 J Imaginary axis
lﬂ . — o > g ry
2mk0tJ' 0 —2mi( g +S).rdZ

P

@ = 2187

IO =1 Ié’} Real axis



([m][} (50INg back 1o the diffracted Intensities : the Kinematical rocking curve  JINSA @

[ 5 ; o
IHl Ay _ |
8

2 ain?l
- sIN“(xts)
I—> — — i —
g l//g Wg 5% (ﬂ'S)z *

CBED kinematical lines profile = rocking curve
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([m][} Ntroduction to aynamical theory

Kinematical approach : Dynamical approach :
only one interaction from each dz element Multiple interactions from each dz element

INSA @

TOULOUSE

Dynamical extinction distance :




([m][} otep by step dervation of Howie-VWnelan eguations | 2-beams dynamical theory

(n)

x_(p)

Let’s consider the phase origin located in O.
All the demonstration will previous results obtained using Huygens-Fresnel approach

I
= A point will affect the incoming wave ¥, by the value dy = —Woe
8

2mikR, dz

| anr
- Let'snote g = —.

—

3
= The ratio between the wave amplitude coming from O

5 A
After crossing b is w5) = iq. Then after crossing A we have WA)

w(0) yw(0)

1q

(I) The wave starting from O and arriving in A is : yy(p, n)ezﬂi( ko OA)

After crossing A we add the point contribution the wavefront becomes :
wo(p, (1 + igy)e®™ ko O4)

() The wave diffracted from I and arriving in A is : y(p

After crossing A the wavefront along k  becomes :
271 k —.(HI+1A)

iqy(p + 2,n)e

And along k we add the point contribution to the incoming wavefront

(1+iq0)l//§»(p+2,n)ezmk —(HI+1A) INSN

TOULOUSE




([m][} otep by step dervation of Howie-VWnelan eguations | 2-beams dynamical theory @

(n)

<

xX_(p)

2nky. OA =27k,.0A = =6

2k d

INSA

sin(6) - TOULOUSE

2k . (HI + 1A) = 2wk . HI + 27k . 1A = 2k . HI + 27k .TA = p + &

l//()(p + 1,71 + l)e_i5 — (1 + lqo)l/fo(p, I”l) + lqllfg’(]? + 2,n)ei¢
p(p + Ln+ De™ = (1 + igo)y-(p + 2.0)e" + iqyy(p, n)e”

(Ill) We will now consider the Friedel Law : o = y_- and some first
geometrical simplifications

0=0,+50 sin©) ~0,cos(d)~1 e °=1
cos(0y) "
HI = A+ 2do0cos(0;) = A + 2ds = 1+ 2d“scos(0y)
8
d 27 : dg ip _ ,2rags
= — = | 14+ 2d?%ssin(@,)— | = 27(1 + axs € =€
tan(;) = —- P o i( <B>d> 7(1 + ags) =

(IV) We will now do first linear approximation : ~ €%ig = ig (1 + igy) ~ 1 + igy

{ wo(p + Ln+ 1) —yy(p, n) = igowy(p, n) + iquz(p + 2,n)

wo(p+ Ln+ 1) —yo(p +2.n) =i(gy + Pyz(p + 2,n) + iqyy(p, n)



([m][} otep by step dervation of Howie-VWnelan eguations | 2-beams dynamical theory @
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Introducing differential operators thanks to Taylor development :
X (2) (V) g P y P
oy
wo(p + 1+ 1) = yp(p, ) = =%, = X,) + ——(Zs1 = 2,)
0x 07

(n) 0

<

dy oy
we(p+ Ln+ 1) —y(p + 2,n) = a—xg(po — X,0) + 6_;(Zn+l ~z,)

(VI) Considering that the amplitude depends only on the variable z, the two equations
become a first system of differential equations (column approximation) :




([m][} Diracted Intensities In 2-beams dynamical theory ;. the dynamical rocking curnve

() om

I, = cos?(not) + | — | sin“(xot)
o

» {

)
SIN (ot
; (zo1)

£ (0L )

[ I()(t9 S) I?(l‘, S)
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([m]l) Bright field vs dark field imaging : diffraction contrast INSA @

A. Without contrast aperture B. With contrast aperture (bright field)

/

Contrast
aperture

NN /4

Image plane

—

" Contras__ u




([m]l} Srignt field vs dark field Imaging - diffraction contrast

C. With contrast aperture (bright field)

Sample

Objective lens

Focal plane

Image plane

Image contrast

2 separate areas have different diffraction conditions
We can distinctly observed these 2 zones in the image

1J_|g

BF vs DF imaging ?

After tilting the sample, we can choose to
observe only one area

TOULOUSE

INSA' @

D. With contrast aperture (Dark field)

By selecting the diffracted beam we can observed
A dark field contrast reversed from the BF.

I
g I I
C ‘d m‘

e Contrast C' is optimum in dark field

—



gnt field vs dark field Imaging  diffraction contrast INSA
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Bright Field (BF) Dark Field (DF)



([m]l} Dark field Imaging @ important practical consideration INSA
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@

DF with aperture shift (not good) DF with tilted illumination (good)
Sample /f
Objective lens ‘ l
Focal plane I —
Image plane

9




[m] Ihickness Tringes : Kinematical approach |NSI-\‘

Incoming electrons

Top

Wedge-shaped
specimen

7’ Sinz(nts)

&2 (ns)

Ie =wgw. =

Wedge crystal

Diffracted electrons

> ) DD 00

Resulted intensities after APD estimation

APD inte(preté{tion :

0

Distance from tip of wedge




([m]l; Ihickness rnges : Kinematical approacn INcluding aobsorption |NSI-\‘ @

1.0
0.8
0.6

Intensity

0.4

0.0
0 20 40 60 80 100

Unit Cell Number

Sample : MgO cube
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Send contours | a kKinematical approacn
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Diffracted electrons

§<<0 g<0 s=0 s5s>0 s>>0
38

APD interpretation
s < <0 s <

> O

SEM image of a curved lamella
(courtesy of M.Cabig)

Curved crystal

J s>>0

@ O

Evolution of the diffracted intensity

s={)

s<l) s>()

Intensity in the transmitted
disk in the diffraction plane

position

Incoming parallel electrons

dailnbled | |

"Bright field image of the lamella (courtesy of M.Cabié)

Incoming convergent electrons




Diffraction theory
of faulted
crystal




([m][} <Ineméatical simulation of faulted crystal INSA
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@

e [ et's consider an incoming plane wave |y, | = 1 on a crystal define by a thickness ¢

¢ |n the kinematical approximation, after Huygens-Fresnel, the diffracted wave will be given by :
[

17T .
— —2mi( g+s).r’
1 l//? — 5— € dZ
3 § <0
Y |
: * e Consider now any crystal defect which shift the atomic sites by a fault vector

7 = 7+ R(2)

—

Because of column approximation :s.7 =szands. R =~ 0

p —27i(s7+ ?FZS) d7

e Usually we define the phase t?rm a(z) =278 . ﬁ(Z)
_ v [ o—27isZ,, —Zﬂi?.mdz
S 2 J0

p —27isz e —ia(2) dz
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Application to stacking Tault

> O P> O PP O

(a) Pristine structure

> 0 O »P» > O O

(b) Faulted structure

TOULOUSE

INSA' @

In FCC for instance a stacking fault moves :

e B layer in the C position by applying the displacement vector :
- a{l12}
R(z) = .

e The stacking becomes : ABCA | CABC

_ f
Zﬂ?.R(Z)=O¢>—5SZS21

[

=C¥¢>21SZS5



([m]'; —stimation of stacking fault difraction contrast using A-D INSA
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¢ | ct’'s go back to the kinematical expression of the diffracted wave :

@

: t : t

It |} . 17T . 2 .

l/j? — [ e—zﬂ'lSZdZ _I_ e—laJ' e—ZJZ'lSZdZ
&< Jo &7 :

The stacking fault is horizontal and located at f =

lmaginary axis

APD interprétation
fofee @ 27

Q The phase shift is a = 3

Real axis




([m]l} —stimation of stacking fault diffraction contrast using APD © exercice INSA
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@

Consider sample thickness ¢ = 30nm, with inclined stacking fault with SF vector R = Z[l 10]

0 ' DF image with g = 200 and s = 0.05nm-1
l-
-7 = — Use amplitude phase diagram (APD) to determine ratio
3 of DF image intensities for the columns.
t Assume kinematical approximation valid.
B
2t 1 - I(A) > I(B) > I(C)

{ — — Possible answers: 2 = I(A) = I(C) > I(B)
3 3 > I(A) =I1(C) = I(B)
C B A

1
Hint: convert thickness change to fraction of circumference = —
S



([m]l} —stimation of Stackmg fault diffraction contrast using AL & exercice

1 ’
1.Radius : ——
27TS - . Z —
1 1
2. Circumference = 21— = — = 20nm — — >< t
27TS )
3. Phase shita =27.2.R =7 '

C B A

— 2 = J(A) = I(C) — I(B)
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([m]l} —stimation of stacking fault diffraction contrast using APD © exercice INSA

@

Consider sample thickness ¢ = 30nm, with inclined stacking fault with SF vector R = Z[l 10]

' DF image with @ = — 100 and s = 0.05nm-1

1 - I(C)>1A);I(B)=0

Possible answers: 2 — I(A) =I(C);I(B) =0
3> I1(C)>I1IB);I(A) =0




([m]l; —stimation of stacking fault diffraction contrast using APD © exercice INSA
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@

1
1.Radius — {
27TS _
-7 =
1 2 3
2.Circumference = 27— = — =20nm = — Xt t
2ns S 3 7 =—
o > | = [A) =10 1(B) = 0
3.Phase shiffa =2x. g'. R :5 T
- Z —_— —
3




[m] —stimation of stacking fault diffraction contrast using AFD | real cases

Kinematical simulation of an inclined stacking fault

Various configuration :

Fringes

-

e e T fo < it
e & ﬁ D N
L) I l rr' @ 8[0cationn Jel L
Lot , : ,
it ]JJ_-'-!“ - — L »1 . "‘-'

— 1 -

—

- g '.‘

Sample : Si crystal

Constant contrast

Invisible

TOULOUSE



<Inematical vs dynamical theory In diffraction contrast INSA
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Interpreted as anomalous absorption of Bloch waves in dynamical 2 beams theory

I R B

N —TO ) 1 :
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Conventional observation of stacking fault INSA
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@

L. A ‘WY : : : : ' '
J .. & ,» Same area of a Si sample imaged with two different diffraction vectors of the {220} type

Phase shift@ = 27. 2. R # 0
8

e
5 - -

-

N0 =
Fr.

Phase shit@ = 27.2.R =0




([m][} Conventional observation of Moiré fringes INSA
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- - -
r

g=2 a=7n oy = 3 a=2rx

2 2 APD interprétation

a=20
Phase shift: @« = 27Ag . 7, >
where 7, is a vector in the interface that describes the mis-orientation m
ir " ir [~
— » a=0 T a=7rx a=2n
5 3r
2

@

* l//? — f_[ e—Zﬂisde | 5_}|‘ e—ZﬂiSZe—ia(Z)dZ
0 g Yy a = 5

a =

Fringes ar rved with inter fringes distance Aw = s
ges are observed er fringes distance Aw Evolution of the diffracted intensity
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Conventional oclbservation of Mairé fringes

Moire fringes

0.5pum

A. Parallel moiré fringes

Aw =

1 22
1 s 101
1 I 1 d.d,

A g
A ‘ ; ” ‘g?;é';’;%;?‘;i;?‘;‘;’;’ i B. Rotational moiré fringes
NHH
;mm;5455‘5;5;545;%5%%559 v

ire fringes

O

— & B l/dl—l/dz dl—dz

T

22
/ I Ag
@ gl

C. Mixed moiré fringes

Aw =

Aw =

|

dyd,

\/ (dy — db)? + dyd,0?
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Conventional olbservation of grain boundaries

\E; ’

Sample : Stainless steel

—h
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Conventional observation of antiphase boundanes

(HI®

Fringes contrast : same interpretation as for stacking fault

Plane of
antiphase boundary

/,. e

s
7/

0---0--

O

7/

0---0-- -

e

e -0 --0---0

Y

%O A NS

® Cu atom
O Au atom

\ON_ O\ O O~

.| oo!:o--..o---o---a

,r,od,,“o.o“o"o_
@@ —"0---0---0---@
| I !

/r.‘lz.o_o_o.o_
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Extracted from : P. Zhao, L. Feng, K. Nielsch, T.G. Woodcock,
https://doi.org/10.1016/j.jallcom.2020.156998.

Microstructural defects in hot deformed and as-transformed t-MnAI-C,
Journal of Alloys and Compounds,Volume 852, 2021,156998,
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Conventional opservation of dislocations
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@

Burgers Vector b

Dislocation Line Vector L

« Screw dislocations : b>// L

 Edge dislocations b L L

 Mixed dislocation

 Perfect dislocation : ? IS a unit lattice vector and therefore ? Z) = 0,1,2,...

—

+  Partial dislocations : g . b can take fractional values

o (22
— —arctan
2 X

sin(2(P — 7))

4(1 — v)

+ b AL

1 =2

20—

cos(2(® —y))
i 4(1 — v) ) *

b, is the edge component of dislocation

and v is the Poisson coefficient of the material



(["H[} Conventional observation of dislocations INSA
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Dislocation core

@ """ f---- ol \ s> 0 _I_g

A /,u + 5 —9 +5 —3S

s>>0 /

Dislocation core Image line of the dislocation

Crystal planes

- The planes are bent around the core of the dislocation

- On one side of the dislocation, the planes might be bent closer to the Bragg condition
( = s is smaller) such that the intensity, I? IS higher than the background

- On the other side of the dislocation, the planes would be bent away from the
Bragg condition, therefore 1> = 1, 4oround

- Dislocations parallel to the surface show uniform contrast, inclined dislocations
alternating contrast

. Reversing either g or s will reverse the position of the image of the dislocation
relative to the dislocation core




Conventional observation of dislocations INSA
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R=05>

2

—

b

= —arctan
27

(
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X

Difraction contrast or dislocation @ A

e Simpler case : the screw dislocation

)

¢ \\Ve choose for the example :

g =(111)

n=1
sx < ()

- Interpretation

Imaginary axis
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2wsx = — 1

Real axis

P

N

N|;1

@



Imaginary axis

Real axis

2wsx = — 1

s negative
'A.e

|

ﬂ.exact Bragg position

l

image intensity|

(5.5)s<0?

| |
/\ A

| |

ol

Dffraction contrast of dislocation : A

() = ygyt =

/3
Cg

4

- Interpretation

LS"/;Ci %) lmaginary axis

‘- ..
e’ RS
v .
¢ .
¢ .
’
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2nsx =+ 1

—— Edge dislocation

——— Screw dislocation

@
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([m]l; Diffraction contrast of dislocation : some order of magnitude INSA

14
— 1 IE:Z# —— Edge dislocation
Typical values for metals (fcc) with b = 5[1 10] i Gprauy disiaraiion -
10 P

8
— — \
oif ¢ = (111) = ¢ . b = 0 the dislocation is invisible 6 ,;\
4 \\ \
— \ \\ 2
of g =(111) = 2 .b =1 2 T TS X
g g 0 {-t”
- -1 0 +1 +2
. 1 Dislocation core
For g . b = 1 the image width is Axp ~ —— and the image position x,, = sothats T = Axp, X, l
2TTS drs
fg.h =2 = A : :
g = X, N —, X, =
° R 2TTS

» Thus the pick width is such smaller and the peak much closer to the core for large values of s. This is the principe of weak beam imaging.

|
Caution : choose s carefully as [ 7 X —. Furthermore kinematic approximation holds well for large s. When s — O dynamical theory must be us

§2
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([m]l) Characterization of dislocation using CTEM INSA @

Screw Dislocations in Si Edge dislocations
Two BF images taken with different diffraction conditions Edge dislocations are not as straightforward
e Evenif 3. b = 0, then there might still be
- some component of displacement causing

=The dislocation marked A is invisible in (b) diffraction fromthe g". (b A L) = 0 term



([m]l) Gharact@ﬂzatm Of dislocation ugmg CTEM : exercice
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? ? %[110] %[101] %[011] %[110] %[101] %[011] | ) 3
131 2 0 1 —1 1 ) INVIS VIS. VIS
040 2 0 2 ) 0 9 INVIS VIS. VIS
113 0 2 1 1 -1 =2 VIS. INVIS VIS
004 0 -2 - 0 ) 9 VIS. INVIS VIS
044 ) 2 4 - - 0 VIS. VIS INVIS



([m]l} Characterization of dislocation using CTEM  solution

b=l
1=5[ O1]

b=011
2=5[ 0]

b, =—[011]
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([m]l; Conclusion

Understanding diffraction contrast in CTEM requires an understanding of how diffraction intensities are generated
Diffraction Bright field
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ouverture (5)




eZﬂikr 2T cd p —ik\/p2 + 77
w(M) = ﬂ K(O)w(P) dr = K(H)l/fo[ [ ——————pdpd0
S r =0 Jp=0 *\/ p2 + 72

deux intégrales simples (théoreme de Fubini)

a 0 —lk\/pz + Zz
w(M) = K(O)yy2n J

N pdpdf = K(O)y2n lie‘”‘\/ﬂz”z]
p=0 \/P Z

k 0



