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 Short introduction to focussed beams

» Historical brief on development of focussed beams

* Focussed beams & EBSD method

 Current and future directions
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My passion for Electron Microscopy = ThermoFisher
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My Correlative Electron Microscopy journey
-ee L SN

mCT-SDB cross-platform correlative holder kit

s ]

S 2015

adapter

ThermoFisher
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holder 2 x2 mm?

Helios TriBeam, Hillsboro, OR
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Short introduction to focussed beams




Focussed beams ? ThermoFisher
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Focused beams are complex and compact systems that
emit, accelerate, deflect and raster a narrow stream of:
Photon

Electron

@ = ¢
Electrons @

Photons Wﬁ"‘ fs pulses: 515 nm, 1030 nm
- 000000 -
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Focussed beams - schematics

TEM
YVIY
W, LaB6, CeB6
- w FEG
Thermionic
Anode Cold FEG
@
Lenses
XED
- >
Lenses
<<1 nm
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SEM FIB fs Laser
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Pulsed laser

<30 nm

<1 nm <6 nm

< 20,000 nm

Other ion sources: GFIl, LMAIS, LOTIS, MOTIS



Focussed beams - schematics ThermoFisher
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Ga* (Aut, Sit, Ge*)

vacuum vacuum vacuum
(Xe)
(Xe, Ar,O,N) | SE SE
fs Laser
B
% fs Laser ' - :'
vacuum vacuum vacuum vacuum
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Focussed beams - applications

electron beam

Secondary Electrons (SE)
topographical information (SEM)

Backscattered Electrons (SE)

atomic number and phase differences
Continuum X-ray
((Bremsstrahlung]

Auger Electrons (AE)
surface atomic composition

Characteristic X-ray (EDX)
thickness atomic composition

Cathodoluminescence (CL)
electronic states information

SAMPLE

Inelastic Scattering
composition and bond states (EELS) Elastic Scattering

incoherent Elastic structural analysis and HR imaging (diffraction)

Scattering

Transmitted Electrons
morphological information (TEM)

https://commons.wikimedia.org/wiki/File:Electron Interaction with Matter.svg.
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ultrashort
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shock wave droplet
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Focussed beams - applications

Currently these beams are typically used for six purposes:

Detection / Quantification

Deposition

Implantation

Milling / Ablation
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Surface preparation methods for EBSD

Key material factors for 2D and 3D EBSD data collection:

» Crystalline solids
 Pristine Surface finish (roughness - few nm)
* Intact crystal structure during material removal

* No surface contaminations

Ga FIB E Xe PFIB Laser PFIB ' Xe PFIBSM* Broad IB
1

Mech. Polish.

1
Slice thickness [nm] 5...50 ; 25...500 250...10,000; 1..1000 10...1000
I

i
I
I
I
I
I
)
I

400 40,000 ! 400 33
I
I
I
I
I
I
I
I
]

Slice rate [um®/s] 20 oo *,\QQ
Max sample size [um] 50 x 50 E 400x 400 2000x 2000 ! 800x800 300 x300
1
Damage depth [nm] 3..22} 2.5...13 20...50 25..13 <30
Si amorphisation I —
* - Spin Milling
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200 ... 10,000

100,000 ... 500,000

50,000 x 50,000
35..60

Volume of Material Analysed

(10um)® (100 pm)® (1 mm)3 (10 mm)3 (100 mm)?

(100 nm)® (1 pm)?
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Surface preparation methods for EBSD ThermoFisher
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SRIM simulation of ions implantation ranges for energies 100 eV to 30 keV; 0.1 deg glancing angle of ions.
100 przm
- 0.17 v lon range N*
E 10 &
£
= £ S SO e
= H
a :
o 1 F
= :
| Negligible damage FIB & PFIB
BIB
03
50 500 5000 50000

lon energy [eV]

Jiao, C., von Lear, B. Low Energy 500 eV Focused Argon lon Beam Provided by Multi-lons Species Plasma FIB for Material
Science Sample Preparations. in 2021 Microscopy and Microanalysis Conference. 2021. Virtual Meeting: Cambridge Press.

Titan 300, STEM HAADF Z-contrast;
Al/Si interface; Ga FIB vs Xe PFIB.
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Femtosecond laser interaction with matter

(a) e [ Low Fluence (A) : High Fluence (B) (b) o EBSDon the cratercrasssaction, . .. gy .
r ! RS e i 1 : : i Min  Mox
I | 1 . 1o o4
600 F No thermal / struct. effects : Thermal / struct. effects : =
[ =4 NI
L | = 1 18
[ Top-down ablation ! 13 18
E 500 B g (Single pulse) I 5 :: ‘Z:
- F = ! B 22 :
= r - ! .
L — 4 55
% 400 _‘ - : 55 10
- - - i
K] i » !
® 300 ' :
S : . i
< C I
200 f ,
[ 1
[ I
100 Few dozens nm / pulse >50/nm / pulse
L Surface glancing ablation I
- _FIuean:: {J/cmz (C) Fluence, Beam scanning
Jfem? Ablation
threshold

Ablation

threshold Material

ablating

Ablated
layer

aining material

Single crystal CMSX-4 B \

Kumar, A. and T.M. Pollock, Mapping of femtosecond laser-induced collateral damage Echlin, M.P., et al., Materials response to glancing incidence
by electron backscatter diffraction. Journal of Applied Physics, 2011. 110(8). femtosecond laser ablation. Acta Materialia, 2017. 124: p. 37-46.
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Surface preparation methods for EBSD ThermoFisher
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Surface contamination visible after exposing the anode to air

5

use case  HV T eurr det WD mag R % 2\% urr ) mag HFW
[

OptiPlan 2.00kv 0.10nA T1 10.1927 mm 6350 x 20.0 ym

Lithiated carbon anode — CleanConnect transfer Lithiated carbon anode — exposed to air (~1 min)
CleanMill: 10 kV, 3.5 mA, 1.5° tilt, 40° oscillation, 1 h

Images courtesy: Peter Priecel, Thermo Fisher Scientific

OptiPlan 2.00kv 0.10nA T1 1.1 mm 6350 x 20.0 ym
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Surface preparation methods for EBSD ThermoFisher
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CleanConnect . CleanConnect D TEM holder -
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CleanConnect CleanConnect

CleanMill i SEM
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——Glove box ——— T SEM
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Thomas Young (1801) Michael Faraday (1831) James C. Maxwell (1865) Wilhelm C. Réntgen (1895) Joseph J. Thomson (1897)
Experimental proof of dual Electromagnetic induction “A Dynamical Theory of the Discovery of X-Rays Discovery of electron
nature of light Joseph Henry 1832 Electromagnetic Field”
J. W. Hittorf and J. Pliicker, Philos. J.J. Thomson, Phil. Mat. Ser., 1927, 74,
Trans. R. Soc. London, 1865, 155, 1. 1128.
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nA = 2dsin @

X-ray spectrometer

Max von Laue (1912) William Henry Bragg (1912) William Lawrence Bragg (1912)
The diffraction of X-rays by crystals The law of diffraction
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advanced as to whether tho diffr ¥
atoms or molecules, The dls:\ppm
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oxperimonts with rays of sreater _energy and to
| obtain more accurate meas : sive of

Letters to the Editor.
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appearance the haloos formed by mist round the -un
A photograph 60 obtaived i reproduced (Fig. 1), 1f
the density of the ,ws..ul s measirod by a phioton British Settiement in the Dominions Overscas.
te along & madine, and & Havixe read the inferesting eriticivm in NATURE
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1. Mag.,
e, e

vol. 1, p. 983, 1626), the
intensity-distanco curves,
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tion. With rays of about 13,000 volt
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bave been found of a fourth
graphs, but not more than three
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Limited range of intonsity within whi

¥

are rather wide oasuremen ts
are not very acourate. The energy of
moasured by th eloctrostatic defle:

from 3000 volts to WO wvolts. ‘Th
sharpest ut the higher enorgios and were i
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It is awwwral (o regard ua‘, y
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found. This would be due partly o
of the rays giving them a am

No. 3007, Vor. 119]

L. de Broglie (1925) Hans Busch (1926) C. J. Davisson & L. Germer
Cylindrical electro-magnetic lens (1927)

G. P. Thomson & A. Reid
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726

1t may well be that there is some connexion between
ozone ancd radio reception where both are in the
same locality—possibly similar to that between mag-
netic storms and radio reception—but at present we
have not been able to obtain suitable radio data over
a sufficiently long period to test this point.

G. M. B. Dossox.

Robinwood,
Boar's Hill, Oxford.

Diffraction of Cathode Rays by Calcite.

A monocuroumaTic beam of cathode rays was
directed against a cleavago face of caleite at a grazing

NATURE

>

[Nov

BER 10, 1928

time white or absorption lines will be produced by
the loss of the rays that are reflected. This happens
when the intensities of the rays reflected from the two
sides of the plane are not equal. Since the probability
of seattering through large angles is smaller than that
through small angles, white lines should appear nearer
to the central spot than the uompnndiug black line.
This is actually proved to be the case. When the net
plane iz just parallel to the incident beam, it may be
expected that the lines should disappear owing to the
compensating effect due to the w}lwtion from both
sides of the plane. Even in this case, however, there
appears still & sort of band, of which both the edges
have the same structure.

ding to each pair of black and white lines

incidence, and the diffraction pattern was on
the photographic plate placed behind the crysbfl

normal to the incident beam. The energy of cath

rays, which were generated in a gas tube worked
by an induction coil, was about 50 kilo electron-volts,
the wave-length of the corresponding material waves
being about 0-055 A. In the photograph rng_n?dumd

obtained when the incident beam was perpendicular
to (110] axis of the crystal and made an angle of 6°
with the cl face. The p phi }J
placed 6-4 cm, away from the crystal. As will
the pattern consists of a number of bands of different

(221 [125) pon

)

13
Shoji Nishikawa and Seishi Kikuchi (1928)

X-Ray “Kikuchi” pattern discovered

Fre. 1.

widths (for example, [111] in the_figure), and also
many black and white lines (e.g. [130] in the figure),
“black * and ‘ white * being referred to the negative.
It resembles the pattern which is produced when the
cathode rays are transmitted through a mica sheet
of certain thickness (S. Kikuchi, Proc. Imp. Acad.
Japan, 4, 271, 275, 354 ; 1928). Usually a black line
malkes a pair with a white line parallel to it. When the

i the lines small, the pair
looks like a band. In fact, one edge of a band is
bounded by a black line and the other edge by a white.
There is no doubt that the band is nothing but a pair
of lines separated by a short distance. Moreover, some
of the bands show satellites which may be regarded as
other pairs of black and white lines parallel to the
main bands (for example, [131] in the figure, though
difficult to recognise in the reproduction).

As for the mode of formation of the pattern, a
similar interpretation may apply as that already
given for the pattern of the fourth type (loc. cit.);
namely, if electrons could penetrate into the erystal,

Iron

H. Boersch (1937)
H. Boersch, About bands in electron diffraction,

(Fig. 1) is shown one of the patterns, which was |

late was |
be seen, = ol

Corres
or each band, we can find the net plane in the crystal
hat prod it, The i ion of the plane with
the photographic plate falls midway between the
black and white lines of a pair. The intersections are
shown in the figure by the lines prolonged outside of
the picture, and the indices of the planes are given in
square brack The dist: the black
and white lines calculated on the above assumption
from the wave-length used and the spacing of the
corresponding net planes is in good accord with that
erved. The satellites of the band can also be ex-
n]nined as due to the reflection of higher orders.
lati i it Ofsllﬂ i to 1iff ders
show a close similarity with those of X.ray reflection
of the corresponding orders. This seems to show an
important fact, that the structure factor for X-ray
reflection has a similar influence on cathode ray
reflection.

The above method would be more useful than the
transmission method on account of its possibility of
extensive application on many crystals. Besides
calcite, cleavage faces of mica, topaz, and.zinc blende
and a natural face of quartz were tried, and it was
found that they also give similar patterns. In some
cases, besides these lines above described, spots
similar to Laue’s were observed on the plates. When
the phntogm]?hie plates were placed on the lateral
side of the ncident , some lines were also
observed which must have been produced by the
electrons deflected through an angle greater than 90°.
When the initial energy of the electrons is less than
about 15 kilo electron-volts the patterns were no longer
obtainable. 3

cal and Ck al Research,

o, Sept.

Institute of Phy
Te

Changes in the Form of Mammalian Red Cells
due to the Presence of a Coverglass.

In 1924, Gough deseribed a remarkable change in
the form of mammalian red cells which can be observed
in suspensions of these cells in isotonic saline (Gough,
A., biochemical Journal, 18, 202; 1924). he
normally discoidal cells become lﬁ:‘eﬂ spheres, the
volume of which can be shown to be the same as that
of the discoidal forms. It has hitherto been believed
that it is the immersion of the cells in saline which
produces this change of form. This, however, is
not the case, as the following experiments show.
ion of washed human red cells in

8 it t g without an apy
able loss of energy, then the electrons scattered.hy the
crystal atoms will form divergent rays emerging from
a point souree in the erystal itself. These are regularly
reflected by the net planes in the erystal according to

Phys. Z. 38 (1937) 1000

Walter Kossel History of EBSD by Prof. R. Schwarzer

R 2 ition, f reflected
http://ebsd.info/ b e e
black lines, while at the same

should give rise to the
No. 3080, Vor. 122]
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A

isotonic saline (0-85 per cent sodium chloride) is
repared. If the cells are examined in a drop without
ing covered with a coverglass, they show the tyf)icul
discoidal form with biconcavities. Often a little
crenation is present. If the same drop is covered
with a No. 0 coverglass in such a way that only & thin
layer of fluid is leit between the coverglass and the
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Electron microscope sketched by Ernst Ruska (9 11l 1931) Ernst Ruska and Max Knoll with the first functioning electron microscope (1933)
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EM1 - the first commercial EM in Imperial College London The first regularly produced EM by Siemens & Halske, Berlin
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The first STEM

‘ .
o9
AT

il
i3
~
|

.~ SEM image, HFW = 18  im

Vladimir Zworykin (~ 1937)  FRES/B Manfred von Ardenne (~ 1937), Berlin
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The first practical scanning electron microscope (SEM)

EM100 TEM -
(1949)

’. .

\

Albert Prebus and James Hillier (~ 1940) FREG/N

mercial TEM
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n,W. Interference
in the electron
opy of thin crystal
foils. Phys. Rev. 1956,
103, 1588-1589.
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Robert D. Heidenreich (~ 1949) David McMullan (1951) Peter B. Hirsch (1956) Battelle Lab., Geneva (1956)

In 1951 first FEG -SEM Hirsch, P.B.; Horne, R.W.; Whelan, M.J. Direct observations of the

24  Proprietary | Bartlomiej.Winiarski@thermofisher.com| 10-May-2023 arrangement and motion of dislocations in aluminium. Philos. Mag. 1956, 1, l;!I
677-684 ==
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- J. A. Venables and C. J. Harland
' | _ “EBSBEcwas born (1973)

University
of Chicago

o 2 (F
| J. A. Venables and C. J. Harland (1973) ,Electron Back
| Scattering Patterns —A New Technique for Obtaining
Crystallographic Information in the Scanning Electron
Microscope”, Philosophical Magazine, 2, 1193-1200.
L i )
’

1
! . v CharlesWiliam Oatley s, Albert Crewe

Stereoscan MK1, the first commercial SEM (1965) The first practical STEM microscope (1969)
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aberration-correcied
electron microscope

Siubgar TEEUMWD j
10° Lt NioN- - 1
Komada (100 kV) Haider
—~ (200kV)
< gl Mantar (80 kV) |
= 10 } 10
‘ ' , Zach, Haider)
g electron microscope A (1KV SEM) - ,
o 10'2 : Barries and Ruska 10
(@] . Marton, Ardanna 3,
E (100 kV)
[ 3
W -3
o 10 light Ruska (75 kV) ] 10
o microscope
Abbe .
4
10} 10
Ross 1980 — Ultrahigh
105 —————— 1L vacuum-.
180 1850 1900 1950 2000 2050

Year

J. Liu, Advances and Applications of Atomic-Resolution Scanning
Transmission Electron Microscopy. Microscopy and Microanalysis
(2021), 27, 943-995
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K. C. A SMITH, B.C. BRETON, N. H. M. CALDWELL, D. McMULLAN

This bibliography constitutes a comprehensive record relating to work undertaken
in the Cambridge University Engineering Department in connection with the
scanning electron microscope and allied subjects.

1951

Sander, K. F. An automatic electron trajectory tracer and contributions to the design
of an electrostatic electron microscope. Ph.D. Dissertation, University of
Cambridge (1951)

1952
McMullan, D. Investigations relating to the design of electron microscopes. Ph.D.
Dissertation, University of Cambridge (1952)

1953
McMullan, D. An improved scanning electron microscope for opaque specimens.
Proc. Inst. Electr. Engrs. 100, Part II, 245-259 (1953)

LV R W SR S L | PN

2008

Caldwell, NHM., Bui, M.T., Naran, I, Holbum, D.M. and Breton, B.C'Do-it-
yourself web-based diagnosis for the scanning electron microscope’ in Microscopy
and Microanalysis, 14 (2), 894-895CD. (2008)

2009

Caldwell, NH.M., Martin, G.C., Mitchell, AL, Holbum, D.M., and Breton, B.C.
"Virtual SEM (VSEM) - Ongoing Development of Teaching Resources' in
Microscopy and Microanalysis, 15 (2). (in press) (2009)

Caldwell, NHM., McMahon, C.A_, Darlington, M.J., Heisig, P, Holburn, D M.
and Clarkson, P.J. "Applying Engineering Information Management Principles to
Microscopy' in Microscopy and Microanalysis, 15 (2), (in press) (2009).

http://www-g.eng.cam.ac.uk/oatley/biblio.html
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The liquid metal ion source (LMIS) FIB technology based on LMIS

lon source of high brightness using liquid metal* o A high-intensity scanning ion probe with submicrometer spot
PHYSICAL REVIEW. 1914 V. E. Krohn and G. R. Ringo. Appl. Phys. Lett. 27, 479481 (1575) Argonne  S12

: )
THE ELECTRICAL DISCHARGE FROM LIQUID POINTS, AND S R s R. L. Seliger, J. W. Ward, V. Wang, and R. L. Kubena LABORATORIES
=, A HYDROSTATIC METHOD OF MEASURING THE (Received 23 July 1975) HEATER —___ i
R I
ELECTRIC INTENSITY AT THEIR SURFACES. The beam from an EHD ion source using liquid gallium has been shown to have a brigtness of 0.9 10° E:f::::g:_:h b
B¥ JOHN ZuLuny Acm~?sr™" at 21 kV and an energy spread of 12 eV at 10-pA total current. The effective source diameter TUNGSTEN NEEDLE
S was 0.2 pm as imaged by a 2<cm-long Einzel lens with a 0.12-mm aperture. Cesium was significantly
TO VOLTMETER poorer and mercury much poorer than gallium. EMITTING TIP Wgmr
AND STATIC MACHINE ExtRacTion M -
ELECTRODE ~— o o ‘E’:_'_!__
Surface Science 70 (1978) 392-402 ® ORSAY ;
/] i PHYSICS "o s
= S |
=l -§\\\\\\\\\\\\\\\ \\\\\\\\Q CONTRIBUTION OF FIELD EFFECTS TO THE ACHIEVEMENT OF HIGHER GLR. Mai (1‘980) 23;?3;&5 ‘
= 8 * .L.R. Mair
= § ‘§ BRIGHTNESS ION SOURCES ACCELEHA"“ L
= \ \ Lews | ‘
= N { j ] : > eu';cmoo:s
= | P.SUDRAUD, J. VAN DE WALLE, C. COLLIEX and R. CASTAING [ f - 77* Vyos
= § g Laborataire de Physique du Solide associé au CNRS, Batiment 510, Université Paris-Sud, /
= § N 91405 Orsay, France
= \ * /"
= A\
N Current FIB manufacturers OGC, L. Swanson (1980) ELECTROSTATIC
N DEFLECTION
§ ELECTRODE ‘.._‘ \
N D 50MM
\ HTE
N TESCAN
L \\«\\(\@ TO EARTH THROVGH - ?:::;4:;" 2a,
N TELEPHONE AND i B
& GALVANOMETER dEDL IE:I‘%EEL CG ,Gareservoir ' MuLTIFLlER-\ ,
1 TARGET  ne
Remo-Wooldridge & Division of ()] ULVAC @ SII .‘ Coil heater - : [ ;
LIQUID METAL DROPLETS Thompson Ramo Wooldridge, Inc. ULVAC-PHI,INC. ok i :

1 APPLIED MATERIALS®
FOR HEAVY PARTICLE PROPULSION: Canoga Park, California

Appl. Phys. Lett. 34, 310-312 (1979)
Victor E. Krohn, Jr.2

Other: liquid metal alloy ion sources (LMAIS), low temperature ion
Krohn VE (1961). Progress in Astro. and sources (LOTIS), and magneto optical trap ion sources (MOTIS)

Rocketry. Vol. 5. pp. 73-80.
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Gas Field lonization (GFI)

Ervin Miller developed GFl in the 1950s at Penn State Uni
ionize and accelerate He+.

FIB technology based on GFI

Micrion Co. in mid-1990s and FEI Co. in early 2000s. Advanced Lithography lon Sources
ALIS (FEI spinoff) about 2005, and since 2006 Zeiss HIM microscope.

4 MICRION

Miller EW. 1951, Das Feldionenmikroskop. Zeitschrift fir
Physik 131:156.

High Voltage

Gas Delivery
(e.2.,+30 kY)

(e.g.,He or Ne)

Extractor

©  Atom of the emitter
©  Neutral gas atom

) lonization Disc

—

Beam of ions

UHV Vacuum Vessel
(e.g., 4E-10 Torr)

°

Apex of GFIS Emitter

Scintillator

‘ y The gas field ion source produces an ion emission pattern that
John Panitz (left), Erwin Muller (right), and the 3D atom probe (center). corresponds to the atomic arrangement at the apex of the emitter

DOI- 10.1557/mrs. 2014.53 The early Micrion GFIS research platform
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1914 1947 1951 1961 1979

SCIENTIFIC

Thermal Plasma Source

G.l. Babat (1947)

G. L. Babat, J. Inst. Electr. Eng., 1947, 94,
27.

Eugen Badarau (1956)

E. Badarau, M. Giurgea, G. H. Giurgea
and A. T. H. Trutia, Spectrochim. Acta,
1956, 11, 441.

Upper electrode

|| Nielectrode with
burning HF torch

Burning gas

Chamber to remove
bigger droplets

Babington type
nebulizer

Aerosol gas

Drain
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The inductively coupled plasma (ICP)

S. Greenfield, L L. Jones
C.T. Berry, Analyst, 1964, 89, 713.

and

Plasma FIB technology based on ICP

Micrion Co., USA in mid-1980s developed ICP source
for lon Beam Deposition (IBD) system (removing and

Source Gas
Extractor electrode

/

RF Source Source electrode

In 1999 FEI Co. acquires Micrion
Co. and continues developed ICP

source for FEI EM portfolio.
10-May-2023

deposition of materials) for semiconductor applications.

The electron cyclotron resonance (ECR)

Richard Geller at CEA in 1960s developed ECR.
Louis-Jacques M. Celona further improved ECR in the
1970s at CEA and in the 1980s at ORNL.

&,
Ny,
d‘f::(ej

o
} CPAT3, Heavy on Accelerstor Technology: Eighth International Conference,
£ edited by W. Shepard

MATERIAL

RIB 2

© 1999 The American Institute of Physics 1-56396-806-1/99/$15.00

Plasma FIB technology based on ECR

A. Edmonds, A. Schenkel, and
C.E. Wickersham developed ECR in
the 1990s at LBNL and CIMAP to
ionize and accelerate Xe+ and Ar+.

A
|
frereee

BERKELEY LAB

\\ Lo
ORSAY
| Kdpuysics
Since ~ 1998
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ey l'hh L o R—— Sy -
FEI FIB (Ga*) workstation Micrion 9500 FIB (Ga*) workstation FEI FIB 200 (Ga*) workstation Zeiss Orion (He*) workstation FEI Vion (Xe*) workstation
(1989) (1994) (1995) (2008) (~2011)
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Helios NanoLab ‘E‘ > f
450, 350 600i -
Helios NanoLab
; - 660
R

DualBeam 820

Expida 1265

FERA3 -
XMH
2012 =+ 2014 = ‘ 2019 2021
1993 . &) @ %
DualBeam 620 Strata DB 235 .‘ U;';“Pgs
0 %

450HP & F1 PFIB

UCSB TriBeam
2012

30 years of DualBeam™ innovations...

Helios Laser PFIB
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BB el
Thermo Scientific Helios Zeiss Crossbeam 550 Tescan Solaris

NELION

.Ga* (Au*, Si¥, Ge*) .

Thermo Scientific Helios Hydra Tescan Solaris X

Hitachi Ethos NX5000 JEOL JIB-4700F Raith Velion
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Einstein, Zur Quantentheorio der Strahlung. 127
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fidicgung nach Versuch
GL (2

Sisicht auf die our unvollkommene
t der Meridiankurven s
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zugrunde licgende Achsensym-
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Langfuhr, Techn. Hochschule
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Beiben konnen. [n der Tat wurde
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ZZ becinwichigy, kann man die |

kg/qem
cm

0,576

trahlungsformel). Heute wissen wir, daB
kelne Betrachtung, welche auf die klassische
Mechanik und Elcktrodynamik - aufgebaut ist,
cine branchbare Strahlungsiormel liefern kann,
sondern daB die klassische Theorie notwendig aut
dic Rayleighsche Formel

ke
e
Y=
flihrt. Als dann Planck in seiner grundlegenden
Untersuchung seine Strahlungsforme!

(3)

I

p=gv

1
auf dic Vorausserzung von diskreten Encrgie:
Elementen gegriindet hatte, aus welcher sich in
rascher Folge die Quantenthoorie entwickelie,
geriet jene Wiensche Oberlegung, welche zur
Gleichung (2) gefiibrt batte, naturgemaB wieder
in Vergessenheit.

Vor kurzem nun fand ich cine der urspriing
lichen Wienschen Betrachiung!) verwandte, auf
die Grundvoraussetzung der Quantentheorie sich
stiitzende Ableitung der Pla n Strah-
lungsformel. in welcher die Bezie z der Max

Srrahhf
die Pl
facher|
aus d
theori

Arthur L. Sch

Laser spectroscopy
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Volume 56, number 3

Received 5 July 1985

We have demonstrated the ampl|
1.06 pm laser pulses with pulse wi

D. Strickland

&

awlow,(1962)

Donna STRICKLAND and Gerard MOUROL
Lahoratory for Laser Energetics, Untwersity of Rochester, 250 East Ruwer Roud, Rochester, NY 14623-1299, USA

L

LABORATORIES

SILVER
REFLECTORS

Chirped Pulse Amplification

OPTICS COMMUNICATIONS 1 December 1985

1985

COMPRESSION OF AMPLIFIED CHIRPED OPTICAL PULSES *
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LPL

| B |
"- Ultra Short

Long Laser ' i
‘i‘ Pulses i T o . ™ .+ Laser Pulses
+ €. Maawna, A, Tunnestmans elal., Ogdl. Cammun. 129, 134 {1996)

- No recast EE
EJeCtn‘::t::‘r’lte“ Damage caused to No surface layer No damage caused

Surface debris adjacent structures debris, but ER to adjacent

rface riopl material structures

\ L S Cwao
— — wave
Plasma e
4 N ] plume

Heat affected zone No melt zone No heat transfer to

No HAZ surrounding matter

No micro
cracks

Melt zone Heat transfer

= Lo . Negligible Ellectrons and ions
Shock wave surroundmg Based on: Hamad A.H. High shock wave in plasma state
matter Energy and Short Pulse Lasers,

IntechOpen, 2016
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G. Mourou, T.M. Pollock (2004)

FEMTOSECOND LASER MICROMACHINING OF SINGLE-CRYSTAL SUPERALLOYS

1997

1706 [EEE JOURNAL OF QUANTUM ELECTRONICS. VOL. 33. NO. 10. OCTOBER 1997

Q. Feng', Y. N. Picard', H. Liv?, S. M. Yalisove', G. Mowrou® and T. M. Pollock'
'Univm;siry of Michigan, Department of Materials Sci and Engineering, Ann Arbor, M1 48109
“University of Michigan. Center for Ultrafast Optical Science. Ann Arbor. MI 48109

Laser Ablation and Micromachining
with Ultrashort Laser Pulses

i : Superalloys 2004
X. Liu, D. Du, and G. Mourou Ti:Sapphire Laser B Fﬁfif‘:‘,f,?‘ KA Grf'erj, T.M. rf;gjag?.;d% '?;gfé.';‘;;r

System TMS (The Minerais, Metals & Materials Society), 2004

780 nm wavelength

G. Mourou

150 fs pulses Neutral . ;
1kHz repetition rate density Focusing 3-axis stage
filters lens 7 optical axis

Quarter
wave plate

Fast acting /

shutter Sample

Figure 1. A sketch of the experimental setup for laser micromachining

Micro-hole ablated in stainless

Cuts made i h?f;h-density
s steel plate ]

graphite sarrrla_
|

N\

(b)
Laser-machined
hole
400 nm
(c)

Single crystal alloy MK-4. (a) bright-field TEM, (b) SAD
of non-ablated area, (c) SAD of ablated area

Ti:sapphire laser pulses of 60 fs, wavelength at 790 nm

I V. Rudd, G. Korn, S. Kane, I. Squier, G. Mourou, and P. Bado,
“Chirped-pulse amplification of 55-fs pulses at a 1-kHz repetition rate in
a Ti:Alz O3 regenerative amplifier,” Opt. Lett., vol. 18, pp. 2044-2046,
1993.

Laser used:
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McLean Echlin, T.M. Pollock (2012)

REVIEW OF SCIENTIFIC INSTRUMENTS 83, 023701 (2012)

A new TriBeam system for three-dimensional multimodal materials analysis

MecLean P. Echlin,® Alessandro Mottura,? Christopher J. Torbet,® and Tresa M. Pollock?
Materials Depariment, University of California ai Sania Barbara, Santa Barbara, Calijornia 93101, USA

Electron
Beam

Detector

Feed-through
Fast-steering

port
mirror
[ Femtosecond
Lascr

Optical table

250 i
TriBeam femtosecond laser serial section 3D reconstruction of
polycrystalline nickel.
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Thermo Scientific Helios Laser Hydra Hitachi Ethos NX5000 Zeiss Crossbeam Laser

fs Laser
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S 4 A4 S 1914

1917 1947 1951 1960 1961 1985 1997 2004 2012
“‘EBSP” in SEM recoded on photo film (1984) “‘EBSP” in SEM recoded on TV camera (1987)
~ David J. Dingley (1984) ,Diffraction From Sub-Micron Areas Using D.J. Dingley, M. Longdon, J. Wienbren and J. Alderman
JA. Vejf\g@smcq 5 'Harland Electron Backscattering In A Scanning Electron Microscope”, (1987) ,On-line Analysis of Electron Backscatter Diffraction

\\ Scanning Electron Microscopy, 11, 569-575 Patterns, Texture Analysis of Polysilicon”, Scanning Electron

Microscopy, 11, 451-456.

- ™y

Lacd Oloss
Window

[, V.Comara

J. A. Venables and C. J. Harland (1973),
Philosophical Magazine, 2, 1193-1200.
gy

9 3
e
Y
; ?ﬁz‘
Stereosean MK 3 A Venables David J. Dingley at ICOTOM18 (2017):

https://www.youtube.com/watch?v=dLCHGGXdMTo 1st commercial system for SEM
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Hough transformed used (1992) Full automation of EBSP processing (1993)
N. C. Krieger-Lassen, K. Conradsen and D. Juul-Jensen (1992) K. Kunze, S. I. Wright, B. L. Adams, and D. J. Dingley, (1993) ,Advances in Automatic EBSP Single Orientation
.Image Processing Procedures for Analysis of Electron Back Measurements”, Textures Microstructures,20, 41-54.
Scattering Patterns”, Scanning Microscopy, 6, 115-121. = o,
i Unit
& .
< J[Foer optes| Camera .
vacuum I;upemg'npmﬁr Oi]
\—‘.yw t move stage
Camera = oot nd
I E R e=at=—=a
Unit Digltizer image P
i
Unit = 55 — =
o 6—> 90° 180

“OIM”
Phase identifications (1986), CCD-based EBSD detector (1993)

D. J. Dingley and K. Baba-Kishi (1986) ,Use of Electron Backscatter Diffraction Patterns for Determination of Crystal
Symmetry Elements”, Scanning Electron Microscopy, Il, 383-391.

D. J. Dingley, R. Mackenzie and K. Baba-Kishi (1989) ,Application of Backscatter Kikuchi Diffraction for Phase Identification
and Crystal Orientation Measurements in Materials”, Microbeam Analysis, ed. P.E. Russell, San Francisco Press, 435-436.

J. R. Michael and R. P. Goehner (1993) ,Crystallographic Phase |dentification in the Scanning Electron Microscope:
Backscattered Electron Kikuchi Patterns Imaged with @ CCD-Based Detector”, MSA Bulletin, 23, 168-175.

N.H. Schmidt (1990): “HKL Channel” commercial system \ i )
40 Proprietary | Bartlomiej.Winiarski@thermofisher.com| 10-May-2023 ( ) y e e l:!l



-0—0

41

Focussed beams & EBSD method

1801 1831 1865 1895 1897 1912 1925 1926 1927 1928 1931 1933 1936 1937 1939 1940 1949 1951 1956 1965 1969

O OO

o O O . O . O O O O OO OV OO

ThermoFisher

SCIENTIFIC

000 0@ s

A A S

t-EBSD (TKD) in SEM was born (2012)

Journal of Microscopy, Vol. 245, Pt 3 2012, pp. 245-251
Received 11 July 2011; accepted 9 October 2011

Transmission EBSD from 10 nm domains in a scanning
electron microscope
R.R. KELLER & R.H. GEISS

Materials Reliability Division, National Institute of Standards and Technology, Boulder,
C0O 80305, US.A.

Fe-Co nanoparticles

plane of
thin film
specimen or
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1947
Direct detection of EBSP (2013)

Angus J. Wilkinson
PHYSICAL REVIEW LETTERS e,

PRL 111, 065506 (2013) 9 AUGUST 2013

Direct Detection of Electron Backscatter Diffraction Patterns

Angus J. Wilkinson." Grigore Moldovan,"* T. Benjamin Britton,' Angus Bewick,”
Robert Clough," and Angus I. Kirkland'
'Department of Materials, University of Oxford, Parks Road, Oxford OX1 3PH, United Kingdom
*Oxford Instruments, Halifax Road, High Wycombe HPI2 3SE, United Kingdom

“D('pumrmu of Materials, Imperial College London, London SW7 2AZ. United Kingdom
(Received 30 April 2013; published 8 August 2013)

si detoctar

LA . Y4

1951 1960 1961 1985 1997 2004 2012

Energy-filtering DeD EBSD/TKD (2020)

Bammes, B. and R. Bilhorn, A New Energy-Filtering EBSD/TKD
Direct Detector. Microscopy and Microanalysis, 2020. 26(2): p. 1186.

nsity (ADU)

Tilt-free DeD EBSD (2021)
Marshall, A.L., et al., The EBSD spatial resolution of a Timepix-based

detector in a tilt-free geometry. Ultramicroscopy, 2021. 226: p. 113294.
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300 J
David J. Dingley (1984) ,Diffraction From Sub-Micron Areas Using
Electron Backscattering In A Scanning Electron Microscope”,
Scanning Electron Microscopy, 11, 569-575
250 D.J. Dingley, M. Longdon, J. Wienbren and J. Alderman
(1987) ,On-line Analysis of Eleciron Backscatier Diffraction CMOS—based
Patterns, Texture Analysis of Polysilicon", Scanning Electron
Microscopy, 11, 451-456. & CCD-based
200
v N. C. Krieger-Lassen, K. Conradsen and D. Juul-Jensen (1992)
= .Image Processing Procedures for Analysis of Electron Back
qC) Scattering Patterns”, Scanning Microscopy, 6, 115-121.
= 150
7 2021
@] .
O Tilt-free
100 DeD

2020

J. A. Venables and C. J. Harland (1973),
Philosophical Magazine, 2, 1193-1200. energy-
50 2012 ZDOl[_:, fll’lcjerll:)ng
TER S
0 i . 74 \ ,l, \ v

1969 1974 1979 1984 1989 1994 1999 2004 2009 2014 2019

Ye a r Scopus search keywords: EBSD, Electron Backscattered Diffraction,
Electron Backscattering Diffraction, Backscattered Kikuchi Diffraction
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Journal of ELECTRONIC MATERTALS, Vol. 31, No. 1, 2002 50

Electron Backscattering Diffraction Investigation of Focused
lon Beam Surfaces “FIB-SEM & EBSD” Y 401 papers

TL. MATTESON,! S.W. SCHWARZ,! E.C. HOUGE,*? B.W. KEMPSHALL,! 40
and L.A. GTANNUZZT*
1.—Mechanical, Materials & Aerospace Engineering, University of Central Florida, Orlando, FL “Laser PFIB-SEM
32816. 2.—Cirent Semiconduetor/Agere Systems, 9333 S. John Young Pkwy., Orlando, FL 32819 ”
& EBSD -
%)
9l =
230 2021 30 £
(B} [(P]
E E
=
3] 3
o O
A 20 20 A
2 \“PFIB-SEM & EBSD’{,!-—'
10 2.8 10
1
“Laser FIB-SEM
”
& EBSD B—4
0 s 0

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

Yea r Scopus search keywords: EBSD, FIB-SEM,
PFIB-SEM, Laser FIB-SEM, Laser PFIB-SEM
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Image courtesy: Dr Ali Gholinia, The University of Manchester.

Echlin, M.L.P., Polonsky A.T., Lamb J., Geurts. R. Randolph S.J. Botman A,,
Pollock T.M. , Recent Developments in Femtosecond Laser-Enabled TriBeam Systems.
JOM, 2021. 73(12): p. 4258-4269.

S. Singh, Y. Guo, B. Winiarski, T.L. Burnett, P.J.
Withers & M. De Graef. High resolution low kV
EBSD of heavily deformed and nanocrystalline
Aluminium by dictionary-based indexing. Scientific
Reports 8, (2018), 10991

>

LLO
ﬁ").E N 1,4,’
&

MAN CHES’["E.R

%00 ns®

e CA'M
& R

Winiarski, B., P.J. Withers, and T.L. Burnett. Xe+ Plasma FIB Milling and Lift-
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Current and future directions

Lithium




Current and further directions (the list is not exhaustive)

DeD EBSD/TKD
DeD energy filtering EBSD/TKD

Increasing the speed of pattern collection Monday PM |March 20,2023  [WIS2023
2:00 PM
. faster more sensitive hardware On the Feasibility of Back-scattered or lon-induced Secondary
. Electron Imaging to Determine Grain Orientations: Marc De Graef",
» use of sparse pixels of DeD detectors iCarnegie Mellon University
iICHORD & eCHORD Ballistic channelling contrast reference patterns

Smart sparse sampling
Use of ML and Al in EM, e.g. live image processing, microscope auto alignments, etc.

Full integration of detectors (e.g. ChemiSEM) and techniques (e.g. ECCI on Scios and Helios) with
microscopes

Python API to access functionalities of microscopes
User friendly workflows and automations

Correlative microscopy (CM) with more imaging modalities (XPS, LIBS, EPMA, APT, Raman, etc.) and tuned
workflows

EM and CM with full inert gas workflow (Glove box — CT — SDB — TEM)
Increased demand of cryo-EM in materials science
etc.
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Surface preparation methods for EBSD

ThermoFisher
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Up to 16keV
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https://www.youtube.com/watch?v=x_Ed6ilrzS4



