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Reference Texts o Gault et al. W

Springer Series in Materials Science

ﬁ??ﬁiﬁéf? ?Vf,’('fody Treatment of all aspects of atom probe
Aleq aimey microscopy including underlying

Simon P. Ringer _ _
fundamentals and applications. (  2012)

Atom Probe

Microscopy

@_ Springer
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Reference Texts o Larson et al.

David J. Larson - Ty J. Prosa
Robert M. Ulfig - Brian P. Geiser
Thomas F. Kelly

Local Electrode
Atom Probe

Tomography

A User’s Guide

foreword by
Professor Sir Colin J. Humphreys

@_ Springer
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Thorough expose of the use of a
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applications and oOHow To06 explanations
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analysis. (2013)
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Reference Texts o Miller and Forbes W

l "' "..v J | ‘ [

Atom Probe

Tomography

The Local Blectrode Atom Probe
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In-depth treatment of atom probe
tomography including underlying theory
of field emission and field evaporation.
(2014)
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Reference Texts o Lefebvre et al. W

Atom Probe Complete introduction to atom probe

Tomog raphy tomography dev_elopgd, from a course
taught at the Université de Rouen (  2016).

Put Theory into Practice

Edited by

BREEE B \VILLIAMS LEFEBVRE-ULRIKSON
St h FRANCOIS VURPILLOT
XAVIER SAUVAGE

.
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Erwin Wilhelm Muller WV

e 1911: Born June 13.

* 1936: Degree with Gustav Hertz. 280 0 LAG L Ao eA i Gt O s
« 1938: Invented the FEEM. oy o
e 1941: Discovered field-desorption. 5 RS
e 1951: Invented the FIM.

e 1952: Joined Penn State Faculty.

'-‘;.“v‘-“ - ™

e 1956: First observation of atoms.
e 1966: Developed the Atom-Probe.

e 1975: Elected, National Acadamies
of Science and Engineering.

"5

I

T~

......

e 1977: Received the National Medal e, | ’ £hiL1 o)
of Science. € -
e 1977. Considered for the -
Nobel Prize in Physics. \\<
e 1977: Died May 17. y ;

Photograph of Professor Erwin W. Miller (  1911-1977): Father of High Field Nanoscience
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Field Electron Emission Microscopy

Electron
Emission

1935

Fluorescent
Screen

-F +

Electrons

Fig. 5. Elektronenbild einer reinen Wolframkathode,
E. W. Mlller, Z. Phys.120 (1943) 270
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Field lon Microscopy

Modern

' 7 E. W. Muller, J Appl. Phys. 27 (1956) 474 E. W. Mdller, Z. Phys.131 (1951) 136

First FIM images of images ever of atoms (on ledges of tip surface): Summer 1951, Muller
First atomically resolved lattice on surface: October 11, 1955, Bahadur and Mdller
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Kanwar Bahadur
The first human to see atoms

CED
ey =48
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Compositional Contrast in FIM

Fluorescent
Screen

Atom
Detector

Atom -Probe Field lon Microscope

In this field ion micrograph of boron  -doped nickel aluminide
(Ni3Al), the bright dots are individual boron atoms that have
segregated to a grain boundary (arrowed).
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Original Atom -Probe Field lon Microscope )

: P
1967 John Panitz at ’/ ,a}e, u
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One -Dimensional Atom Probe Profile

e e e R B i S e T A
CEMENTITE * FERRITE :

CHROMIUM ~

SILICON

COMPOSITION (%)

20

DISTANCE (nm)
M. K. Miller and G. D. W. Smith, 0OAtom Probe Microanalysis of a Pearlitic Steel, 6 Met. Sci., vol. 11, no. 7, p. 249, 1977.
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Imaging Atom Probe:

Y MRP of lfL‘4 was achieved!

Atom Probe Tomography -
Umbrella Winter School

the Progenitor of Atom Probe Tomoqgraph

A
A

A

Tip tilting not needed

Flight distance 11.38 cmto

center

Observe field ion image or

field desorption image

Mass analyze all atoms

within a field of view
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J. A. Panitz, 6The 10 cm Atom -Probe, 6
Rev. Sci. Instrum., vol. 44 (1973) p. 249.
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Field Desorption Images of Single Specie

Yy Time gate on

Atom Probe Tomography
Umbrella Winter School
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J. A. Panitz, oThe Crystallographic Distribution of field desorbed
species, 0 J. Vac. Sci. Technol. , vol. A11 (1974) p. 206.

J. A. Panitz, oField desorption spectrometer, 0 United States
Patent 3,868,507 (1975).
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The Position-Sensitive Atom Probe

A First operational 3DAP

A Adapted a Wedge -and -Strip
detector from astronomy

A 1988 Fall MRS presented by

George Smith
A. Cerezo, T. J. Godfrey, and G. D. W. Smith,
OApplication of a position -sensitive detector to
atom probe analysis, 0 Rev. Sci. Instrum., vol. 59(6)
(1988) p. 862-866.
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| ocal Electrode \V/

Yy Field enhancement of the local
electrode design enables:
Yy Analysis of blunter specimens
y" Large field of view (FOV)
y"  Improved mass resolving power
Yy Voltage pulsing ratesupto 500 kHz

Inspired by Nishikawa work:

O. Nishikawa and M. Kimoto, oOToward a scanning atom probe o
computer simulation of electric field, 0 Appl. Surf. Sci., vol. 76/77
(1994) 424-430.

T. F. Kelly, P. P. Camus, D. J. Larson, L. M. Holzman, and S. S.
Bajikar, 6On the Many Advantages of Local Electrode Atom
Probes, 6 Ultramicroscopy , vol. 62 (1996) p. 29-42.
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Atom Probe Microscope

Local
Electrode

Specimen

Imaging Detector

Voltage
Pulse HV
Contact

MCP, 80% detection

Pulse
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Commercial LEAP Progression W

LEAP 4000X Si/HR

LEAP 3000X SiI/HR

Voltage Energy
LEAP 3000X Compensation

LEAP 3000

2007

y" New, advanced laser

y" Advanced energy - platform
compensated design | y Breakthrough performance
V' First available laser y" Innovative new Detector for ceramics/ insulators &
mode Technologies complex/ device structures
y 10x FoV Y FIBbased specimen y Greatly Expanded y" Enables commercial APT
y 103x speed increase preparation Application Range adoption
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STEAM APT Fundamentals
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Description of Atom Probe Operation W

Atom Probe = projection imaging with time -of-flight mass spectrometer
€ L

1000000

~50nm tip A 50mm detector = 108 magnification

100000 -

e T 10000
g;! & 5 (m/n) , > (m/n)

! s 1000 -
S 4 : Time of Flight (TOF) identifies mass

;0 iagginag 1 TOF-500 ns for LEAP 100 |

[— soeq
! 33338388 GTOF <1 ns
4 10

Evaporation initiated by:

AField Pulsing (metals)

Aor Thermal Pulsing
(all materials)

1 1 I I 1 1 1 1 I 1 1 1 1 1 1 I 1 I
4 56 7 8 9101112131415161718192021222324
Mass-to -charge state ratio (m/n)

nevV = Yomy 2
v = L/t = constant

~80% Detection - _ 211 2
Efficiency E m/n =2eV t4/L
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TOF Mass Spectrum (Ni-based superalloy)
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3D Compositional Mapping

AI'Tl'Ta I'ICh phase 20 nm Sllce §
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Local Compositional Analysis W

Composition of Particle

Interface Visualization Precipitate Flement] Noions | A%
N N ' Ni 11929 62.81%

]\‘\\‘\_\ i ,,w. [atoms_ | | Al 2777 14.62%
R | | Co 1791 9.43%

SJ | | Ti 880 4.6%%b

“ Cr 679 3.58%

| —
x x

Mo 541 2.85%
: W 246 1.30%
‘ Ta 86 0.4%%
| \ B 17 0.09%
| ~_ Fe 16 0.08%
Nb 10 0.05%
Selected Volume Mass Si 9 0.05%

d_. Ni, Co, Mo

~4nm T Cr

Mo, Nb W, Ta

Selected volume analysis 0 0 00 0 00 A L o

a)
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Microtips E in the LEAP® W

Microtip Array

Flat Top

Local
Electrode
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All scale bars@le 11 m (except fwhichis 200nm)




STEAM Limitations and Strengths of APT

INSTRUMENTS
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Limitations of APT as an Analytical Technique s

A Not Always Applicable
A Not all materials will run well
A Low Specimen Yield in Some Cases
A Projection aberrations limit spatial resolution in some locations
A Compositional Inaccuracies
A Limits of species discrimination -mass interferences
A Finite multihit resolution of detector
A Detection Efficiency High ~ 80% (but not 100%)
A Field of View < 200 nm diameter
A Crystallographic information is limited
A No chemical information
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Strengths of APT as an Analytical Technigue

A Discrete 3-Dimensional Image (one atom at a time)
A All atoms detected with equal efficiency

A High analytical spatial resolution

(0.2 nm locally) Key Points
A High analytical sensitivity (upto 1 appm)
A Time to Knowledge is acceptable (~ 1 day)

A Specimen preparation is similar to TEM
A High detection efficiency (~ 80%)
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Detection Range

Atoms/cm?

5E22

1E22

1E21

1E20

1E19

1E18

1E17

1E16

1E15

1E14

1E13

1E12

Imaging Techniques

0.1 nm 1nm 10 nm 100 nm 1T um 10 pm 100 pm 1 mm 1cm
Analytical Spot Size

100 at%

10 at%

1 at%

0.1 at%

100 ppm

10 ppm

1 ppm

100 ppb

10 ppb

1 ppb

100 ppt

10 ppt

(ICP techniques

GD-MS

TGA/DTA/DSC

Bulk
Techniques



HAADF STEM

Photonics

Entire structure captured within
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