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High energy electrons provide high spatial resolution

L. de Broglie (1924) postulates that p=h/ A is valid for all

1986: E. Ruska particles A wavelength of electrons (Nobel prize 1929)
Nobel Pr|ze
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The resolution limit of the light microscope due to the length of the
light wave which had been recognized 50 years before by Ernst Abbe
and others could, because of lack of light, not be important at such
magnifications. Knoll and | simply hoped for extremely low dimensions
of the electrons. As engineers we did not know yet the thesis of the
“material wave” of the French physicist de Broglie that had been put
forward several years earlier (1925). Even physicists only reluctantly
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E. Ruska: 1931 accepted this new thesis. When | first heard of it in summer 1931, | was _ ey ool o £

& 3 very much disappointed that now even at the electron microscope the S mz’ bE:
resolution should be limited again by a wavelength (of the — 1_;"

"Materiestrahlung"). | was immediately heartened, though, when with o e
the aid of the de Broglie equation | became satisfied that these waves ¥ ' '
must be around five orders of magnitude shorter in length than light
waves. Thus, there was no reason to abandon the aim of electron
microscopy surpassing the resolution of light microscopy.
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Electron Wavelengths in Electron Microscopes

Electron charge (e) -1.602 x 10-1° C non relativistic (<50keV)
1eV 1.602 x 1019 J F h
Electron rest mass (m,) 9.109 x 103" kg (2 myeV )yz
Electron rest energy (m,c?) 511 keV Relativistic correction
Kinetic energy (charge x tension)  1.602 x 10-1® Nm (per 1 volt)
Plank's constant (h) 6.626 x 10-3* N-m-s A = h
1 Ampere 1 C/sec el
: : 2myelV| 1+
Light speed in vacuum (c) 2.998 x 108 m/sec 2m0c22
Accelerating Nonrelativistic | Relativistic A | Mass [x m_] Velocity
voltage [KV] A [nm] [nm] [x 108 m/s]
] 0.03879 0.03878 1.002 0.13
10 0.01227 0.01221 1.02 0.42

0.00434 0.00418
0.00274 0.00251

0.00224 0.00197
0.00123 0.00087
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Diffraction Limited Resolution

Raleigh’s Criterion Green light : A = 532 nm,

d [ (objective collection angle)~1 rad

A i n= 1.7 for oil immersion lens

II'I I', IlI I'I *** d=200nm

Electrons 200 keV : A =0.00251nm

n=1 for vacuum

B=0.1 rad given TEM geometry
Airy Diffraction Disks ***d=0.015 nm

d = 0.61 = 0.61

nsin @

A
B
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Aberration Correction

CETCOR - CTEM CESCOR - STEM
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Uncorrected resolution is ~150 X diffraction limit

Cs-Corrected resolution is ~20 x diffraction limit
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Transmission Electron Microscope

3.
- Back focal plane
¢ (diffraction)
I
| —4,
-“'CCD - 5.
Spectrometer _

1.

Gun — Thermionic or Field emission.
Electrons are accelerated to different
voltages (wavelengths)

Condenser lenses- changes spot size,
illumination area, and convergence angle
on the sample (forms STEM probes)

Objective lens — images the sample. The
electron diffraction patterns are formed
in the back focal plane, where the
objective aperture is also located.

Intermediate lenses- changes modes
from imaging to diffraction,
magnification, and camera lengths

Detectors- cameras, STEM detectors,
electron spectrometer
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Interaction of high energy electrons with samples

Backscattered electrons secondary electrons
BSE SE
Characteristic
X-rays /V'sible light

1-100 nm Specimen —

\ Bremsstrahlung
X-rays

elastically scattere Cu:red
lectrons Ge: green
e . .
=g RNE weresemes: * et T v [0OIT IneIGShCG | Iy N: blue
scattered electrons
Ti: purple
W: light blue

250 nm
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Selected Area Electron Diffraction

2dsing = 20d = nA

Bragg Diffraction Powder Pattern
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(CL)—8-200cm & e ..:".:E: Single Crystal Spot Pattern

Ewald’s sphere
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Ewald's Sphere and excitation error

a) Sp TN

b)

ES

2
RL -

Excitation error (s),

k=9nat+s

Characteristic diffraction vector length,

j i I\ ——— extinction distance

RL

__mlV.cosfg
$g =

I,

ED - - . . . . - .
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2-Beam Condition

Incident beam Incident beam

Y
hk€ pIane—-I-\ \
A
/
ff
A2 [0 [ 200]
!
¥ Y
“(hkl) 000 +&(hke) gkey 000
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Brightfield Darkfield
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Weak-beam
Darkfield -
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hit plane
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Diffraction Contrast

Bright-field

sample gy

objective lens
=1

objective focal obj. aperture
plane (image) ! (contrast)
;: I \
1st image plane - :L - SAED aperture
F .\
diffraction+, .. / | \
- - : - =
+projeclive lenses M\ !
/
\ | /
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A
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|
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i
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Dark-field

sample o

objective lens
-+ >

objective focal

plane {irnage}_"_' T obj. aperture (contrast)
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diffraction+...
-t

+projective lenses

.
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Dislocation imaging

: : . Brightﬁeld Diffracted
" Strong beam Bright-field or Two beam condition: the Optic oearm
sample is first tilted such that g image is excited (Ewald Axis
sphere intersects g) and strong in intensity. cwalde
Sphere TR Reciprocal
= Strong beam Dark field: the image is formed using the _ lattice plane
Darkfield

excited, high-intensity (g) diffracted beam

= Weak Beam Dark-field (WBDF): the sample is tilted
such that the 3g and O spots are both excited, and the 0 g
objective aperture is centered on the WEAK g spot. WeakBeam

Darkfield

WBDF is useful for imaging defects since the excitation error 2
is small, and defects such as dislocations are better resolved 0 %

g
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ZA (Kinematical) imaging vs. 2-Beam vs. Weak Beam

Zone Axis Bright-field

Objective
aperture

1 5.00 1/nm

Two Beam Bright-field

g excited

Weak Beam Image

3g excited

Brightfield

N

Ewald’s
Sphere

Darkfield

WeakBeam
Darkfield

Optic
AXis

Diffracted
beam

Reciprocal
lattice plane
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Stacking Faults imaged with Weak Beam

200 nm " 200 nm

Fringe spacing correlates to partial dislocation separation distances which can
be measured clearly in weak beam due to improved contrast and resolution

14
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Weak-beam provides <5nm resolution
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Kinematical Diffraction

Assumptions

Only 2 diffracted beams are considered,
direct and one diffracted (aka why we
do 2-beam condition)

Intensity of the diffracted beam is small

Single scattering event, that is “one
cycle” intensity change

No absorption, i.e., | st actod << liransmitted

Intensit
| ntensity 0
Tﬂp _ - e ‘.,
1E <
14E, _
Bﬂ‘[ti_}m . [ [ — 1
Direct Diffracted
beam beam
; sin*(mzs)
diff = >
$gS

__1V.cosOg
fg — /u_':g
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Thickness Fringes
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Brightfield

Intensity
] g |

—~Bottom "HH.’

| 0
(1 - _L 1
.l'
A
_.||:
— |
. %E;ll.l"l.
- _‘."
Direct Diffracted
beam beam

Darkfield

Direct Diffracted
beam beam

Dark fringe at 1 = nI:E,
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Bend Contours
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Kinematic Diffraction in crystals with defects

Perfect crystal Deformed crystal ]Iﬂ

¢
-R(r)

( ( : .( h
i Upper Vv
: n
) ¢ P : ¢ OEG . il n Ey"s
1 (r)
b| A& bl A ~ R Lower
0 : ¢ —E
a : a4

N
g

o €
(

Translations and rotations between two crystals produce
fringes in the images

e Stacking Faults
 Grain boundaries
 Translation boundaries
 Phase boundaries
 Stepped Surfaces

Electron wave has different amplitude and phase in

each crystal resulting in constructive —destructive
interference and fringe patterns
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Howie Whelan Equations

Sp I | z—> ¢

V(r) = 2 I(gezmg'r Potential of perfect crystal
g
wiker Electron scattering
Ao = F(6) amplitude from a unit cell
r

Scattering amplitude of a

_ T onikr, 2mikgr  diffracted beam (solved

g $g using Schrodinger’s eqn.)

~

T = @ ¢9 1 Total wavefunction

5 e%'r ‘o %ﬂ... 7-beam condition Extinction Distance
g g3 o= V.cos0g
g~ AE
g
b, = COeZ”iVZ, Scattering amplitudes in terms of y phase, Diffracted Intensity
_ 2niyz  and r and s are parallel to z
Pg = 2547Coe P L sin?(mts)
[ = 2 Solving the Bloch Wave g fgsz
g |¢g| equations gives ;¢ r I[,=1- I

20
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Howie Whelan (Darwin) Equations

DYNAMICAL DIFFRACTION
The amplitudes of ¢, and ¢, are coupled and change with propagation in the sample.

do, = {Z—gl pg e 2T 4 Z—Oicl)o}dz and d¢p, = {?—; P e’ 4 ?—jqbg} dz

HOWIE-WHELAN EQUATIONS (perfect crystal)

deo _ mi 2misz T dog _ p—2Tisz _
~ _{é’g Pge +$0 qbo} and . {59 p,€ +€ qbg} SZ=8S8-71

Tt M T
HOWIE-WHELAN EQUATIONS for DEFECTS \ || K / JI|| I,fl/
'|
, —TiZ Deformed crystal || |I | \ J {_[1]’_
$o(z)" = Ppoexp o lE wilE &l
So
¥ o !
, ] TiZ ] b r R(r) (AkZ) planes diffract (bk€) plancs diffract
¢$y(2)" = pgexp| 2misz — —— + 2mig - R(T) Vo . e Nelea
0 intengity 3.0 G
. BF for G excited
d ’ d
fz qbo (2)" + 2misgpy(z) andsgp = s+ g - R(r) DF using G

Projected position
of dizlocation
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Strain Contrast for Dislocations

Int. + \

Brightfield

Darkfield
~10nm
—p Weak-Beam

%’ﬁ_ﬁ_‘—_’g

___————______-____—- —_— =
__________——_
__________——_
__————______,________—: l

— T
:::-__1_:; b

—
—————————1 9-b=0
————————]
—————————
1

) Brightfield

¢
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Invisibility Criterion of Screw Dislocations

2 Z

***********

Shear Deformation along z
directions on (r,z) plane

bl

U =U, = 0 U, =—

2T

b X

_ —1 (%
R(x,y) = o tan (y)

The contrast extinction
condition require

g-R=0,%1,..>g-b=0
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Invisibility criterion for edge dislocation (isotropic)

y Z Plane Strain of edge dislocation
b sin26
? 2%( 4(1—v)]

b 1-2v cos26
= — Inr+
d 2\ 2(1-v) 4(1-v)

i-- I . .

bomo . R=0b b
-7 4(1 —v)

sin 26 /\_> 1—2vl | cos 26
‘\za— o™ tia—y

e

The contrast extinction condition requires

% g-R=0,%+1,..->9g-b=0
b g-(bNO=0..>gllE-b=0
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Burger’s vector determination

g b ‘b | g-bA\E
1/2[110] 0 # 0
[i11] | /2 011 0 #0
1/2[101 0 # 0
1/2|110 -1 #0
[111] | 1/2[011] | —1 # 0
1/2[101] | 1 # 0
002
' Possible Burger’s vectors
110 [011] and [101]
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Stacking Fault Contrast

R(r) g 21Tg - R
gy : SFin FCC 1/3[111] | (111), (220),(113) 21 /3
. _ (111)
SF in FCC 1/6[112]

(220) arc/3

g < g -

g BF DF BF DF

—

B T B T B T B T
= p(: 1 P @1|§ 1
G G|W G W W| G W
> S I A N
D T B|T B B B|T B
S T O e N
W W|W G G G| G W
: 0 |F G : 1|1 :
dpg _ mi , T/ T 2 S|B 7
— =€—¢O(z)’+2mSqug(Z)’and A R i 1 H l
g s 1|: 1§ I[§ 1
Z‘ B T }_3 ;l“ B T 1_3

SR=S+g' A7
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Scanning (S)TEM imaging of defects

Focused e probe scanned on
sample; disc and annular detectors
in back focal (diffraction) plane

Incident
convergent
beam

Specimen

5 F I . ¥ o P
05 >10->50 mrads 8 =50 mrads off axis

05 <10 mrads

HAADF
ADF detector

detector RBF detector
detector

HAADF

High-angle annular dark-field =>

compositional contrast: ,
intenpsity x 72t Cs-orcrected - graphene with

(thickness t, atomic number 2) dopant atoms (Krivanek et al., Nion)
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STEM imaging mode suppresses bend contours

TEM-BF mode 1Bs
i ﬂ'T;
N o~ 0.2 mrad |

& B.~55mrad &40

Br1 ag
|

. STEM-BF mode

Bs~ 0.3 mrad
ag~6.2mrad *

[ - ¥
e
“
5 1 e -
-

no mn’tnurj-- AT

'|_d_,;'i --p:i.'--. - % -r i, .‘.
T ||I 3 { e _. s
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Dislocation Density Measurements

HAADF [s(24mrad) = ag(20mrad)
A =5X10° cm™

HNMS N ONOODDODO AN <L OMN®
m‘ i 'HHdHHﬂHHH

Line Intercept Method
 Make a grid having a total line length L

&

e Count the number of intersections between a
given grid and the dislocations, N

e Measure TEM sample thickness, t (EELS, CBED,
X-ray reflectivity, etc.)

* The dislocation density, A, is given by the
following equation.

A=2N/tL

* This method is valid for dislocation density is
less than 1014 cm™2.
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HR-STEM images of stacking faults

Growth faults in AIN nanowires

- Te I tacin U|t ;;E'::. Fauht :mf';';:l
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ecbesssedocce

ml llllm .:.
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ol R R
EEEEFEEEEEEEES

Ol ORGSR R
i & ¥ & F & & FEE R EEEEEEE
® B R R

AEREERRE R
AR REEEERE BB R

Dislocation
000000000 g0000
o000 e
3 3 2000090050000 0
SEEE 20000090900 000
‘‘‘‘ 0000090000000
SHE 0000000000088

S0 nm
®A @B C

Stacking Fault Tetrahedron in FCC Superalloy

=
=R .
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Geometric Phase Analysis of Dislocations

FFT filtered ,
hase image

HR-TEM image image T

'TET R ER YY)
a s & & & & &

-
AR R TR SR RETRERE N R AGR A EERA N REE YR YRR NN Y YT
L] - L] L) e e -

(L A SA N EN
FATERER N
B a

.
AN R AN

L LR I T e
A NS EFRESE SRR N

b sin 26 b 1-2v cos26
u =—,\=06 1

L= + U — nr-+
2m 4(1-v) > 2\ 2(1-v) 4(1-v)

Theory
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HR-STEM images of the Dislocations

Table 1
Observed slip system in the eight B2 alloys studied.
Alloy CuZn FeAl NiAl FeTi CoTi NiTi FeGa
Dominant slip directions (111) (111) (001) (111) (001) (001) (001) (111)
References [1-5] [6-11] [5,12-16] [17] [18-23] [9,24-27] [28]
Table 2 )
Calculated and experimental lattice parameters a (A) and elastic moduli (GPa).
Alloy CuZn FeAl NiAl FeTi CoTi NiTi FeGa PdAl
a (this work) 2.97 2.88 2.90 2.95 2.97 3.01 2.90 3.02
a (experiment) [58] 2.95 291 2.88 298 2.99 3.01 2.91 [55] 3.04
Cy (this work) 123.3 254.4 204.1 384.8 212.6 185.3 240.4 221.8
C1; (experiment) 119 194 199 310 203 162 NA NA
C, (this work) 107.3 136.1 133.2 102.8 169.5 149.7 150.2 160.9
Cy5 (experiment) 102 116 137 86 129 132 NA NA
Cy4 (this work) 83.4 139.6 114.5 68.2 522 48.6 115.7 92.9
Cy44 (experiment) 74 133 116 75 68 71 ~100 NA
References for experiments [59] [60] [61] [62] [63] [64] [65]
— _ Screw __ 2
A =204 \(C11 —C12) K = ub“/Am
ﬁ
— 2
b=a<111> {110} b—a<100>{110} ub® . R
W = In — 00 }"0 —0
OO i Table 3 Aar 1
Anisotropy factors A and energy factors K (J/m x 10~°) determining the
a0 elastic energy of corresponding dislocations per unit length (m).
d _ d
: Alloy 4 K K KER Kom KERY/KES
CuZn 10.42 0.369 1.130  0.585 0.405 0.63
FeAl 2.36 1.531 2766 0921 0.855 1.66
o NiAl 3.23 1.028 2,152  0.766 0.671 1.34
FeTi 0.48 2.252 2611 0.473 0939 476
il CoTi 242 0.606 1.328 0.366 0.438 1.66
CRRRRIIEES NiTi 2.73 0.535 1.212  0.350 0.402 1.53
:'ﬁ'! FeGa 2.56 1.218 2.388 0.774 0.750 1.57
: PdAl 3.05 0.946 2066 0.674 0.664 1.40
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