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Numerical Aperture (NA)

Light
Cone

(a) (b) -

NA = n « sin(a)
(a)a =7° NA=0.12
(b) @ =20° NA = 0.34
(c) a = 60° NA =0.87

NA = n sin(8)
0.95=1.0 sin 72.1°

NA = Numerical Aperture
n = Refractive Index
= 1.00 (Air)
6 = 1/2 Angular Aperture

Approximate Magnification
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100

https://lwww.microscopyu.com/tutorials
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Numerical Aperture and Image Resolution

Airy Disk

l Intensity

-—
NA. =020 Focal Plane

Airy Disk

Intensity

NA. =130 Focal Plane
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: point object

AN

SECE DB

image

Resolution of a microscope.

Numerical aperture (NA)
NA =n-sin(@)
Image resolution ()

A Ernst Abbe
0=0.61—"—"
NA (1840-1905)

https://www.microscopyu.com/tutorials
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Why using electrons?

Focussed by
magnetic or
~ electrostatic fields

— -

Abbé (1870):  de Broglie (1924):
~ resolution limit A=hlp
 s_o06l t 25pm@200kV

\ sina \\\
i |

\\H_ s
Ernst Abbe (1840-1905) Louis de Broglie (1892-1987)

T ESAS i
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Comparison of OM, TEM, SEM

ESAS EASITrain
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Vacuum system
W: 103 Pa
LaBg: 10° Pa
FEG: 107 Pa

Electron source

‘ Condensor

Objective lens, sample

‘ Magnification system |
Detectors, e.g.: ,

STEM
EDX
EELS
GIF
CL

Uslem

Camera / CCD
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Main components of a SEM

Parts of a scanning electron microscope

electron gun — \

anode

high voltage cable

vacuum manifold

alignment coils

condenser lenses ——

scan coils

N -
objective lenses ﬂ 1%[:‘!_:'-

secondary electron —] —\
% ] B

backscattered electro

detector

objective lens
aperture selector

column isolating
valve

stage control

specimen
-u-‘.é’( exchange rod

specimen holder —
stage —/

specimen chamber ————
Source; JEOL U.S.A., Inc.

Uslem

Electron sources

Filament

Optic axis heating
Filament 1 /- supply

Gun
(Wehnelt
bias
Wehnell
N
A 3
;';aﬁ Applied kY
5 =" A N
o 'Iln" - +
- + \:
quipotential” Gun
s cross-over
Anode Plate
 ES
Emission
lay current —
Into
Mumination
system

i S specimen exchange
chamber

vacuum manifold

® 2011 Encyckpzeda Britannica, Inc.

ESAS
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LaB, tip /

W-Filament

EASITrain

EASITrain

Electron Gun Properties
Source Brightness Stability(%) Size Energy spread Vacuum

W 3X10% ~1 50um 3.0(eV) 105 (z)
LaB,  3x10¢ ~2 Sum 1.5 106
C-FEG 102 ~5 5nm 0.3 10-10
T-FEG 10° <1 20nm 0.7 10-#®

Brightness — beam current density per unit solid angle

Uslem



Parallel illumination

UL

T Image

Parallel illumination

> W
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Contrast ratio / Luminance

CR = E—HwitMsCRsoo

L

e d=150-10"km
S O ~1.5-10°km

lllumination angle o > 0

Uslem

Parallel illumination

7

ESSA[Sr EASITrain
Applied Sﬁuc-:uououcr:\-ul\« .

F
F, !

parallel illumination is only possible
with a point-like illumination source

Uslem



Magnetic lens

.
'

" Fe
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Lens errors

Spherical abberation

Chromatic abberation

Astigmatism

Uslem
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Specimen
B
Blz)=—2-)
1+lu',
gL IATITSY
- Hans Busch
Xxsdy] Electron (1884-1973)
o /1 lens
Walter Glaser
(1906-1960)
Image
Fﬁ§|ﬁ § EASITrain
Applied Superconductivity .
paraxisl
Circle of least ray focus
Confusion o
P —EECT
I Transverse
/ <= Spherical
",.:J?u":; —Longitudionals]  ADErFation
Spherical
Aberration
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Cs / Cc Corrector

Objective lens 1
Transfer doublet l: £5 un ‘Transfer doublet 2

A 7

7= 80 m' Imaging lens

1 1

! . a s

| a I
N T

. . ]
) Long Q-pole 1 LTl Long Q-pole 2
Specumen :_ Jl

Diagram of proposed Ce comector: The focal lengih fe of the concive lens s negative
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Spatial resolution - limits

s 1Norma| acuity of eye]- -------------------

13. Jhdt.Brille
@595 Janssan 1931 Ruska prototype

=== =1 Bacterm P {oM ==} g e

1670 Leeuwenhoek

1870 Abbé
1933 Ruska
L
TEM SEM
1954 Siemens
- -{ Atomic distance } ------------- ===

== B s - T
s-corrector  tv.,,
D)

] | 1 /G | | |
1200 1400 1600 1800 1900 2000

a, EASITrain

a, EASITrain
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*SEM = Imaging

USIGM J.Bernardi, TU Wien
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Imaging in the SEM

Magnifying Your Sample on Your

Uslem
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I ing in the SEM
Low Magnification Higher Magnification
=

&

N

Scan Here Scan Here

Display Here Display Here
TU ESAS i

Applied Superconductivity .

Imaging in the SEM

The Electron Beam Spot Size Must Be Smaller | Too Large of Spot Size Looks Out of Focus
Than the Features Being Resolved

Too big of
The ideal spot size

spot size

creates an
out of focus
image

Small electron probe is required for high magnifications
- Only possible with small electron source (FEG)

Uslem



Electron-Matter Interaction

electron >eam

Auger Electrons (AE)
surface alomic COMPOSILON

Secondary Electrons (SE)
topographical information (SEM)

/]

Characteristic X-ray (EDX)
thicknoss alomic COMPOSIton

Cathodoluminescence (CL)
electronic stales informabion

1

SAMPLE

Pene

olume

Inelastic Scattering
COmMposion and bond states (EELS) Elastic Scattering
Incoherent Elastic

Scattering

Transmitted Electrons
morphologecal information (TEM)

Uslem

Penetration Volume

Electron
Beam

ESAS

s _EASITrain

n So
Apol ccrh netconducu vity .

¢ SE

Backscattered Electrons (BSE)
atomic number and phase differences

BSE

Continuum X-ray

g' (Bremsstrahlung)

structural analysis and MR imaging (dffraction)

Claudionico~commonswiki

ESAS _EASITrain
Apol tod 2 De(conducll ly .

Low Ep
Low Z

Low Eg
High Z

Electron penetration generally ranges from 1-5 pm
with the beam incident perpendicular to the sample.

The depth of electron penetration (x) is approximately
(Potts, 1987, p.336):

The width of the excited volume (y) can be
approximated by (Potts, 1987, p. 37):

Better results are obtained using Monte Carlo

approximations
UsTem

High Eo
High Z

0.1E}S
P

where E | = accelerating voltage (keV),
and p = density (g/em?)

X (um) =

0.077E/"*
’ 1 E ——
y (um) D
where E | = accelerating voltage (keV),

and p = density (g/cm?)
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Penetration Depth - Estimation

E, = 25kV .E!3
; «(um = &L E:

g P

~9
Pou = oy E,...kV

g p....g/cm’

Xsi = ?
USTem
Energy of Emitted Electrons
{ Peak ~05 £, N

Peck =«4eV

NI =——

Secondory
electrons

Number

Backscottered
electrons

o
| "
| *
[
Y

0 50eV 2keV E=eU Log of energy
Electron energy —=

Convention: Egg <50 eV Egse > 50 eV

Uslem
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Electron Detectors

Secondary electron detector:
(Everhart-Thornley)

Final lens
pole piece

Backscattered
electrons

Secondary electrons
Faraday Cage (+200V)
Aluminum coating on scinillator

Specimen : detector:

Secondary electron  Light  Photocathode
collector guide

Uslem

Ty ESAS
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BS2

Possible trajectories
of electrons within
sample

Sample

Each beam electron can produce several SE

Uslem

_EASITrain

(+12kV) Backscattered electron

(Solid-State Detector)

_EASITrain
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Secondary Electrons (SE)

Generated at point of primary beam
—>RESOLUTION

Generated by backscattered electrons close to surface
—>BRIGHTNESS (reduced resolution when E,. > 5 kV)

Generated when BSE hit interior of SEM chamber
—->NOISE

Generated when beam interacts with apertures in column
—>NOISE

Uslem

nEcSAS, EASITrain
Applied Supesconductivity .

Contrast from Secondary Electrons

=  Atomic number (2) .,
— More SE 2 at heavier elements I;' ectrons Faraday
(especially at low Epg) | J
= SE yield depends strongly
on surface structure
* More SE at edges

* More SE at surfaces facing
towards SE detector

Uslem



Backscattered

. electrons .

= / AN A =

— .‘:'. rf.'—"_—',ﬁ'.—':":,‘. — i;

==s=oc) =gy -~ E

SAMPLE '& . 5

&

&

]

SEM POLE ELECTRON &
BEAM

| SE()

- SE(1n)
SE (1) \ A

BSE vs SE

BSE: Z-Contrast

SE: Information from
sample surface

Uslem

Detector - Contrast

The European Society for
Applied Superconduetivity

EASITrain

0.6 T J
8 [
05 | Q 2 A
s L o af AS5keV |
o 10 keV
03 | -1
& 20 keV
02 | o 30 keV _
m 40 keV
01 |- -
% & 49 keV
0.0 L 1 1
0 40 60 80 100

Atomic Number

Most BSE are BSE 2 type

The European Society for
Applied Superconduetivity

EASITrain

Images: Greg Meeker, USGS
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BSE vs SE Imaging (Nb;Sn wire)

HV mag [] WD det  spot HFW X - mm E 200 pm
10.00kv | 500x  181mm CBS 4.0 829 pum @ y:15.7677 mm

USIGM Images: Madalena Pieler, TU Wien

m EESAS an EASITrain
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BSE vs SE Imaging (TI-1223 film)

(TI,Bi){(Ba,Sr),Ca,Cu;0q

IBsE

Ag

TI,Bi rich

Uslem

Images: Sigrid Holleis, TU Wien
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Depth of Field (D)

0.2 Optical microscope: a ~ 90°(1.57 rad)
D= [mm]
a-M SEM: a ~1-50mrad
Short working distance Long working distance

e

o = Apertureradius / WD

Uslem
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Materials

Non Conductiv

r

TES”At§ an EASITrain
Lk :.
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TEM — imaging &
structural
characterisation

USIGM J.Bernardi, TU Wien

M The European Society for
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Image formation

~
final image ™~

What's a ,nice” image?

Uslem
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Imaging by magnetic lenses
T

“ // /] / / / / /
/ /) / / / / /
K y / / / / /
4 y / / / / /
/ / / / / / /
/ , / / / / /
/ / / / / /
g // / / / / / /
/ ; / / / / /
/ ; / / / / /
h / / / / / /
/ / / / / / /
/ / / / / / /
 J A / / / / /
/ / / / / q .
L4 Objective lens
A AN \\ \ | // e
N /
SNV
NSO \
NN )
b S \\\\ N oV
S \
S 17,
N\
N Back focal plane
AN
71N
CA

1/g+1/b=1/f

/
s
/
f / I
\
i 7 \ \ N N
/ / | \ \ ~
/ / ; \ \ AN S
4 / \ N
/ I \ \ N
/ \ N
7 I )
7 / \ \ AN
, / | \ \ N
, / 1 \ \ \ N
7 / ! \ N N
’ / / \ N AN
// / \ \ \ N
, / I \ \ \ N
Y / | \ \ N AN
’ / | \ \ \ N
/ / \ \ R N
y / \ \ N
// / ' \ Q X
p / \ N N
7 / \‘ \ \ \
1st magn. image
|

USIGM '
ESAS EASITrain
Toe Eurgpean Socil for ®

i
Bragg's law (1912)

William Lawrence ~ William Henry
Bragg

Bragg-Law: 2d-sinf@=n-A4
lattice plane distance
Bragg
(1890-1971) (1862-1942)

d:
¢ : Bragg-angle

. wave vectors

Kk, k
g .... diffraction vector
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Electron diffraction

Incident 5
plane wave ¢

Scattered s

\
plane \y

Bragg-law: nA=2dsiné
Azoory = 2.9 pm

d: lattice plane distance
6: bragg-angle

objective lens

Uslem
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Image and structure information in
the TEM

.
~=
Condensor (CL) P EE I
Objective lens (OL) ( =R )
Diffraction Lens (DL) - §'| &
— a_
Intermed. Lenses B[]/
Projective Lens i\
!
\
Screen, CCD

USTEM Image mode Diffraction mode
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Kikuchi pattern

/

Seishi Kikuchi
(1902-1974)

Lattice planes

8/q

g V Film
1) Inelastic scattered electrons with higher intensity in forward direction.

2) Bragg diffraction on crystal planes
USTem 3) Formation of two cones with different intensity

m ESAS EASITrain
The European Society for )
Applied Superconductivity .
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TKD configuration | =

5

NbsSn filament, TEM sample

USIGM Images: Stephan Pfeiffer, TU Wien
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Chemical analysis

EASITrain

ELEMENTS & i _.II e \,eT iLJ:Y! nFnl.mr'nEa

7~ Calcium

Vz 40.078 \

/ 423 w4
(T I
) - Shoatr—
) I | Nb Mo
\'m Strontium . o
87.62 ¥ Ta W

Fe

iron

Uslem

Electron-Matter Interactions

electron beam

Secondary Electrons (SE)
topographical information (SEM)

'J?.Berr'inardi,

ESAS

The European Society for
Applied Superconduciivity

Auger Electrons (AE)

surface atomic composition

Backscattered Electrons (SE)
atomic number and phase differences
Continuum X-ray

( (Bremsstrahlung)

e (CL)

electronic states information

1

SAMPLE

Elastic Scattering

Incoherent Elastic structural analysis and HR imaging (diffraction)

Scattering

Transmitted Electrons
morphological information (TEM)

Uslem

Tantalum 1

s 106

TU Wien

EASITrain

Claudionico~commonswiki
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Spatial Hevohtion Squrtial Hevohitran Sl Prsoltion
IMaw FShen TMen Sen  Then Tan 25w 1Mam  Swm Yen Xhen Xhes 1Men S fen

https://www.slideshare.net/reachquadri/what-is-spatial-resolution

http://biomedicalcomputationreview.org/content/res
olution-limits-optical-microscopy-and-mind

Uslem
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Energy Dispersive X-ray Analysis
(EDX)

Crystal

Collimator

Window / -, I

Electron trap

261K | (T1,Bi);(Ba,Sr),Ca,Cus04

23.2K
20.3K
17.4K
14.5K
11.6K

8.7K

5.8K

2.9K Mo

0.0K
0.0 20 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0

U SIGM Lsec: 1444 0 Cnts 0.000 keV Det: Apollo XLT2 Windowless Det
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Electron Energy Loss Spectrometry

(EELS)

zero loss peak

http://www.eels.info/
plasmon peak

near edge
fine structure

low loss
distribution

interband
| [transitions

USlem

100
Energy Loss (eV)

50

Thicker samples for TEM

Low X-ray yield for light

Elements
elements

Bremsstrahlung

Background

Sum-/ESC peaks, spurious
elements

Artefacts

Excitation Volume !
Problems

EDX
e
S
|
.
BN

Fluorescence, Absorbtion

=N
=N
=S
=N
e
€M

150

extended

fine structu

=

ESAS

The European Sonrelﬁ for
Applied Superconductivity

EASITrain
‘e

Good for light elements (low
losses)

Exponential decay

Delocalization
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T1-1223

Tl-rich

Ca-O+Sr

1223




M ESAS EASITrain
The European Sociely for
Applied Superconductivity

o
SEM EDX map of Tl-1223

Ca-O

Ca-O+Sr

1223

USTem (T1,Bi),(Ba,Sr),Ca,Cu0,

TU ESAS i
he European Society for
Applied Stur:uoucu.;r:\-ll\« .
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TEM T1-1223

m ESAS ._ EASITrain

TEM EDX Analysis TI-1223

Applied Superconductivity .

500 nm 1223
Elem Wit% At% Error . § 1223

TIL 046 294 178
BiL 735 204 417
Bal 1.22 052 19.81
SrK 2071 13.73 0.85
CaK 10.99 15.92 0.43
CukK 29.92 2735 0.35
OK 953 3459 0.49 TR e
AgK 035 0.19 54.61 T TP P T T T ey —

Ca-O

Ca_sr_o Elem Wit% At% Error
Elem Wit% At% Error TIL 17.62 3.56 3.21
TIL 1.65 035 411 Bil 1.22 0.24 21.15
Elem Wit% At% Error Bi L 0.72 0.15 43.43 Bal 0.02 0.01 56.47
Ba-0 TIL 0.15 0.03 33.37 BalL 8.45 2.68 10.55 Sr K 1.59 0.75 18.31
a Bi L 0.24 0.05 39.16 SrK 56.47 28.09 1.54 CaK 58.75 60.44 0.25
BaL 65.14 221 0.47 Ca K 9.82 10.68 1.97 Cu K 144 094 6.57
Sr K 8.55 4.54 3.28 Cu K 1.06 0.73 19.35 O K 12.15 31.32 0.64
Ca K 0.03 0.03 67.62 O K 20.9 56.93 0.88 Ag K 7.2 275 9.94

Cu K 0.8 0.59 12.04 Ag K 0.92 0.37 62.2

I O K 2492 7257 0.38
Us GM Ag K 0.18 0.08 59.9
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o
Imaging (TEM & STEM)

Device for sensor application
Substrate

Crystalline contrast in
TEM image

? Chemical composition at
surface layer

STEM image (Z-contrast)
indicates inhomogeneities

Uslem
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EDX maps and quantification

Si K Overlay

A Element At%
s 0K 687
Al K 1.9

24 Nb L 3.1
s Tik 263

Uslem
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EDX vs EELS

EELS maps
OK-map AlK-map TiK-map Nb K-map Color mix image
S R e i Nb Magenta
Al Green
Ti Red
O Blue

Element At%
0 K 68.7
Al K 1.9
Nb L 3.1
Ti K 26.3

Element  Atom. ratio(/Ti) At%
(0} 0.42 £ 0.059 28.6
Al 0.00 + 0.003 0.0
Nb 0.06 + 0.009 4.2
Ti 1.00 + 0.000 68.6

- Shows that here is much less O than EDX would suggest
USTem



