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X Atomistic Structure of Matter

Atom: derived from the ancient Greek
word atomos, which means
“uncuttable” (4t Century BC).

Modern view of the structure of an
atom was derived by Rutherford
(1913) and Bohr (1913).

Experiments on atomic nature of
materials (packing of atoms in
crystals) was deduced by Bragg and
Bragg (1913).

Adapted from D.J. Larson et al., Local Electrode APT, book 2013

https://commons.wikimedia.org/wiki/File:Sodium-chloride-3D-ionic.png
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25 EAG

LABORATORIES

Detection Range

Atoms/cm?®

A EUROFINS COMPANY
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ANALYTICAL RESOLUTION VS. DETECTION LIMIT

Analytical Spot Size

ToF-SIMS
Elemental and , I
Imaging
Information
01nm 1nm 10 nm 100 nm 1pm 10 pm 10 pm 1mm fcm

Imaging Techniques

Nanoindentation

100 at%

10 at%

1at%

01at%

100 ppm

10 ppm

1ppm

100 ppb

10 ppb

1ppb

100 ppt

10 ppt

ICP Techniques

Bulk
Techniques

GPC
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X Mass Spectrometry

Quadrupole Magnetic Sector

| | ion beam

_____

source

Mass Spectrometer
Schematic: depicting a
triple-collector system
arranged to analyze CO).

lighter atom : i heavier atom
- . ormolecule

or molecule 0 : ‘_/
ion detectors UUU

CO2 molecular masses { 445 46

https://serc.carleton.edu/download/images/9094/massspecschematic.jpg
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Time-of-Flight (ToF) Mass Spectrometry

Extract Acceleration Field free drift Detection

https://www.scienceskool.co.uk/tof-mass-spec.html

© 2025 University of lllinois Board of Trustees. All rights reserved.



Field Electron Emission Microscope (FEEM)

Erwin Wilhelm Muller - 1935
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v
Fluorescent Screen

10° V/m needed to strip an electron from an atom
Sharp point produces enhanced electric field
10,000 V with 1 um tip radius => 10° V/m

Adapted from D.J. Larson et al., Local Electrode APT, book 2013

© 2025 University of lllinois Board of Trustees. All rights reserved.
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I Field lon Microscope (FIM)

Kanwar Bahadur and Erwin W. Mller - 1955
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Adapted from D.J. Larson et al., Local Electrode APT, book 2013
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Atom Probe Field lon Microscope — Voltage Mode
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E. W. Mdller, J. A. Panitz and S. B. MclLane,
The atom-probe field ion microscope. Rev.
Sci. Instrum. 39 (1968) 83—-86.
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Adapted from: CAMECA, 2019
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Atom Probe projection system

~80nm tip - 80mm detector = 10° magnification

80mm
Time of Flight (TOF) identifies mass

» Field Pulsing
» or Thermal Pulsing

High
Voltage
V~10 kV

+

Vacuum @ 10-2 Pa (10-1° mbar)

Adapted from: CAMECA, 2019 9
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X Atom Probe lon Emission

Probability oc @-(Q(F)KT)

T=50K F=30 V/nm

2 (Field evaporating)
x
i ———
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LSS g S o~y 0
LL — v ~ - :_aﬁOn
% i®] < ————
i E Laser pulse (up to TMHz) ~.
Q
8 For example, T=50K T=250K locally F=30 V/nm
L and F=30 V/nm (Not field evaporating) (Field evaporating)

Temperature
Adapted from: CAMECA, 2019 10
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Field Evaporation of lons — Mass Spectrometry

Description of Atom-Probe Operation

80 CAMECA

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

€ L >
1000000
100000
° ® 10000 -
(m/n); > (m/n),
1000 {

ime of Flight (TOF) identifies mass
TOF~500 ns for LEAP

10

FEE ity vty ekl + 41144 v 4

SHERSBe
=

Evaporation initiated by:

« Field Pulsing (metals)

« or Thermal Pulsing
(all materials)

1

Voltage

100 -

IIB-H

e
g+ B

”F-fl

ﬂa-H

=0, SI—H-

Y

45678 9101112131415161718192021222324
Mass-to-charge state ratio (m/n)

V~10 kV/ Vacuum @ 10% Pa (100 mbar)

~80% Detection
Efficiency

neV = 2mv?
v = L/t = constant
= m/n = 2eV t2/L.2

AMETEK

MATERIALS ANALY SIS DIVISION

Adapted from: R.M. Ulfig (CAMECA, 2020)

© 2025 University of lllinois Board of Trustees. All rights reserved.
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X Local Electrode Atom Probe

&( CAMECA The LEAP® Microscope Geometry

Local
Electrode

Microtip
Specimen

Voltage Pulse _\/_ OR Laser Atomic & Position Sensitive
HV Contact — Pulse Imaging Detector

Straight Flight Path ‘DT-200" Shown

Copyright, CAMECA Instruments Inc. © 2019

12
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X Position Sensitive Detector

Microchannel Plate (MCP) Delay Line Anode (DLA)

:
- ua -
[ '

Adapted from D.J. Larson et al., Local Electrode APT, book 2013

13
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X LEAP 5000 XS / CAMECA (AMETEK)

Counting Electronics Tip Cooling

T ) ) T4
Magnetic (Lin-Rot)

Analysis Chamber = | Buffer Chamber | Load Lock :
Manipulator

© 2025 University of lllinois Board of Trustees. All rights reserved.



CAMECA LEAP Parts

Sample or Local Electrode

Puck with S le C
uck with sampie Loupon Storage Carousel

Sample Puck

Coupon
Local
Electrode®
Sample
Puck

https://www.atomprobe.com/keyaptlinks/options-accessories-consumables

15
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https://www.atomprobe.com/keyaptlinks/options-accessories-consumables

Local Electrode Atom Probe

Model Parameters
+50 nm tip radius
+10° shank angle
+50 micron wire
*1 mm long

+Specimen-to-local-electrode distance is
that required to permit a 70° geometric FOV

16
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X Sample Preparation

* Requirements for APT
samples

— Specimens must be sharp
with a radius of curvature
of ~100 nm or less

— Feature of interest within
50 to 150 nm of specimen
apex

17
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Electropolishing

* Electrochemical process I
where material is removed

leaving a sharp tip

* Polishing done using
meniscus of electrolyte

* Electrolyte chosen based
upon material being
polished

18

© 2025 University of lllinois Board of Trustees. All rights reserved.



Schematic of APT-tip FIB Preparation

1 Protective Layer Wedge 90°
Deposition Cutting, Cleaning & Lift-
out
O
P
Repeating
Probe Wedge

Sharpening & Polishing Release

19



X Analysis of Dielectric Layer of Quantum Dot Devices

APT analysis of semiconductor
guantum dot devices to investigate the
effects of impurities and roughness at
the interfaces around the Al,O,
dielectric layer.

Goal: To determine the relationship
between transport properties of the
guantum dot and interface
imperfections.

Courtesy: J. Huang and N. Mason, University of lllinois

20
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I alysis of Dielectric Lay

Wi HEM Q-3

4 @ Top Level ROI =
»*
il
. Top Level ROI - Mass Spectrum Analysis
@ - 4 [ Ranges =
. )x10
o
L
10
:
Truncate Corrected Values L
3 10
)x 1
10
[15.848, 16.511]
L L R R R R R T T [ . >
- 1 , + W
h Mass to Char tate Ratio (Da Load Export

APT Reconstruction: Al in blue, O in green, Si in gray, Ga in yellow.

© 2025 University of lllinois Board of Trustees. All rights reserved.



Analysis of Dielectric Layer of Quantum Dot Devices

nown

Al in blue, O in green, Si in gray

© 2025 University of lllinois Board of Trustees. All rights reserved.



APT Analysis of Proton Irradiated Mixed Phase 308L Stainless Steel

FIB of needle specimen
Approximately 80M hits in laser pulse mode
Standard analysis using IVAS:

1-D concentration profile
Cluster Analysis
Nearest Neighbor Analysis
e Local Concentration SRR R B e [
* Cluster composition analysis for two separate regions
Cluster Size Analysis
Cluster Composition Analysis
Iso-surfaces
* Si/Ni
Frequency Distribution Analysis

Samples courtesy: B. Heuser, University of Illinois
. . . . . ‘:%"7 HY o« \_m|" -1—;ﬁwi; det i e
FIB preparation: H. Zhou, University of lllinois e

APT measurement: W. Swiech, University of lllinois SEM Images

© 2025 University of lllinois Board of Trustees. All rights reserved.
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G-phase

APT Analysis of Proton Irradiated Mixed Phase 308L Stainless Steel

TEM dark field of G-phase particles

Mixed phase: o-ferrite and y-austenite

o Si-Ni clustering
2:10% Si:Ni iso-surface in y-austenite

G-phase
precipitates
in o-ferrite

20

Cluster Analysis 1-D composition profiles
70
70 :
70+ - 60
60+ . H
60
——Fe c o
= - 504
= ] ——Ni 504 g E &) .
50 Mn 2 g s O-ferrite
—Cr 40 = g = 404
404 Si i H o
z = . 5 i
- | 0] 30 VL) = Bulk y-austenlte © 30-V\A/W\/W\\ ’Y-aUStenlte
8
| — 20 —~—— ]

20

Bulk &-ferrite
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T - 7! T
0.0 0.5 1.0 15 2.0 0 -=r =
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e —————

Courtesy: B. Heuser, University of lllinois

Distance (nm)

24
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Evolution of Dilute Al-Sc Alloys During Annealing

APT analysis STEM analysis

(Il LHECLNEIRZAN 98.17 137 01 0.01 0.01 0.04 0.32

As-grown Annealed
for 1 hour
et at 150 °C

Courtesy: S. Jana, S. Kim, R.S. Averback,
P. Bellon, University of Illinois

.20 1.40 1.60 1.
d-pair (nm)

25
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Grain Boundary Depletion: Annealing at 180 °C

Sc-rich
precipitate

Sc-depleted GB

~ N\

2
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B
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1D concentration
profile along
cylinder
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& i;':\ll'\ § AL

[Mm |

=

o
Diztenca (1m)
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X Grain Boundary Depletion: Annealing at 300 °C

Sc-depleted GB

1D concentration
profile along

0€ 0z 01 0 Ot-0FWer”

Sc-rich cylinder
nanoclusters
Select
g0 il
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X Li-ion battery cathode

a b

C
-’ a«—I—», b A
-Co A
octahedron : r Yesr
! ) °
| L < - —
= : ',.-” O
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o - =y 5
R 7 Ve ©
:Oxygen .ﬁ.{_ ! = ®
° rd oy, oy ]
a 2 : ! L 3 S
§_' c . gl = AUAUALATA O gy, S,
: Current collector Current collector

JW. Lin, D. Xie, H. Jeong, A.l. Littlefield, T. Spila, B. Zahiri, and PV. Braun. J. Mater. Chem. A, 2025,13, 10910-10919. )3
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Li-ion battery cathode
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X Li-ion battery cathode

d
10 pJ pulse —— In situ delithiation for electrode materials
. # _
° 60 - » a b
£ 1]

40 -
Li stoichiometric ratio

o
il : ‘ :
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2 pJ pulse

&
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z-direction (nm)

80} 2

AN Li stoichiometric ratio
50nm % 1 20 30 40 50 60
f z-distance (nm)

-100

1 pJ pulse [ |ico0, Highly mobile Li ions are susceptible
to migration under intense applied
field in APT analyses, leading to
artifacts in results

Kim et al. J. Mater. Chem. A, 2022, 10, 4926—4935

Li stoichiometric ratio

0
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X Li-ion battery cathode

a b

10 - - 10
g e
8r 8+ Y WY
o e T e N
E 6 E 6
o) o
Q Q
— —
% ar i; ar Suppressed in situ delithiation
m m -
2 2
o) T -
» 3 Stoichiometric ratio
0 2 4 6 8 10 0 2 4 6 8 10
Laser pulse energy (pJ) Laser pulse energy (pJ)
Drastic scaling relations between Li excess and laser Suppressed correlation was discovered for samples
heating energy were found for samples with Li with an alternate orientation, which validates the
conducting channels aligned with applied E-field contributions of the anisotropic transport properties
31
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X Secondary lon Mass Spectrometry

SIMS is an analytical technique based on the
measurement of the mass of ions ejected from a solid
surface after the surface has been bombarded with
high energy (1-25 keV) primary ions.

Primary lons Secondary lons

32
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X Block Diagram of SIMS Technique

2-20 keV Ar or other inert gases,
Cs, O, N, orGa

Mass Spectrum

Dynamic Range to 9 orders of magnitude

o
]
=
=)
l o
: ’
c
19
5 ||| ”|| |
o
51 1
m/e U

H

Depth Profile

@ Depth Resolution of 50-200A Possible
Detector NE
EM, FC, RAE : \E
3 0 Depth <30 microns
Image Depth Profile Image

Selected Area Profile

giges secton "
g ——> li

Down to submicron lateral resolution

Adapted from Wilson, Stevie, and Magee, p. |-8.
33
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Time of Flight Mass Spectrometer

Physical Electronics
TRIFT lll TOF-SIMS

¢ GCstorO,*

Post-
Spectrometer
Blanker

97 Pre-Spectrometer |,
Blanker

Contrast
Diaphragm

Au*

34
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X LMIG: Single lon

Beam
Current Scanning Octupole
Aperture Chicane Blanker Buncher and Stigmation
Suppressor Extractor
LMIS (2}
Lens & Lens &
Deflection Deflection Sample

© 2025 University of lllinois Board of Trustees. All rights reserved.



X LMIG: Un-bunched Beam

Beam
Current Scanning Octupole
Aperture Chicane Blanker Buncher and Stigmation

-4+ + -

Suppressor Extractor

Lens & + - -+ Lens &
Deflection Deflection Sample
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lon Beam Sputtering

* 9 O T Graphic courtesy of

l.,.l ® "y .. ' EAG Laboratories
v Pz s http:// . .
slo's sevesa'ne " te Toeles's0i000'e'si0)s P c2g.com

Sputtered species include:

* Monoatomic and polyatomic particles of sample material (positive, negative or neutral)
* Resputtered primary species (positive, negative or neutral)

 Electrons

* Photons

37
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X PHI nanoTOF |l Parallel Imaging MS/MS

ESA 1 MS2 Detector

ESA 2 "3 I \

CID

B ‘ Cell
ESA 3 AN é
L
\ _ -
Precursor

Selector On MS1 Detector
( SED

High Mass
Blanker

C,,Gun p \

Diagram
courtesy of:

PHYSICAL
ELECTRONICS

A DIVISION OF ULVAC-PHI
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X Static and Dynamic SIMS

Static SIMS Dynamic SIMS
s &

4 4 «
-Ultra surface analysis *Material removal
*Elemental or molecular analysis *Elemental analysis
-Analysis complete before *Depth profiling
significant fraction of molecules
deStroyed Courtesy Gregory L. Fisher, Physical Electronics 39

© 2025 University of lllinois Board of Trustees. All rights reserved.



X Trace AnaIyS|s

GaAs Wafer ; Si Wafer
| GaOH 1
20000- 105 C;H;
; 4.
1 GaNH 107
10007 m/Am = 11,600 ° ] K
" ]
: £ ] C,HN
3 S 103‘3
10000
102+
5000
_ 1013
0 1OO\A"'I“'l“MAMl/\"'l"‘l"
r—— - - - T - - T T T T 3894 3896 3898 39.00 39.02 39.04
85.85 85.90 " 85.95 86.00 - Mass [m/z] .
ass [m/z] No sputtering to remove organics on surface.

Large C;H; peak does not have a tail to lower

mass which would obscure C,HN and K.
© 2025 University of lllinois Board of Trustees. All rights reserved.



X InAs/GaAs Quantum Dots

£ o =

. .. i ] In* Linescans
i i of Quantum Dots

T TR N SN [ TR N R B |

: =
e —

Cts: 550893; Max: 36; Scale: 1um Hm

T T
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um um 41
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X TOF-SIMS Imaging of Patterned Sample

0 @)
- /
O: /\/\Si/‘o hv (~375 nm) H O:/S\\/\/\S\i’o
O/ N 0 [¢)
Br N I H;0 OH

«— 400 um — —400pum —— ——50um —
Courtesy Josh Ritchey, Audrey Bowen, Ralph Nuzzo and Jeffrey Moore, University of lllinois

42
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X Comparison of Static and Dynamic SIMS

[ TECHNIQUE

STATIC

DYNAMIC

< 10"3 jons/cm?
(per experiment)

~10"7 jons/cm?
(minimum dose density)

Elemental + Molecular

Elemental

1 ppm

<1 ppm

(ppb for some elements)

Surface Mass Spectrum
2D Surface lon Image

Depth Profile
Mass Spectrum
3D Image Depth Profile

2 monolayers

10 monolayers

0.1-1.0 um

0.1-1.0 um

Minimal

Destructive in analyzed
area — up to 500 um per

area 43
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I GaAs/AlGaAs Depth Profile

Physical Electronics, Inc
9/25/02 12081509 dat
1 4
Al <
=
x 0.95-
o
5
5 Analysis beam: 15kV Ga*
L Sputter Beam: 300V O,*
5 with oxygen flood
i
Ga | §os
0
O
0.8
0 10 20 30 40 50 60
Depth (nm)
A
44

© 2025 University of lllinois Board of Trustees. All rights reserved.



X Quantitative Analysis: SIMS

["=1y a'0n

S P

1" = secondary ion current of species m
I, = primary particle flux

In SIMS, the yield of secondary ions is ~ V» = Sputter yield - o
strongly influenced by the electronic o = ionization probability to positive ions

state of the material being analyzed. 0,, = factional concentration of m in the layer
n = transmission of the analysis system

45
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Total lon Sputtering Yield
o.

~
~
~

Sputter yield (y,): ratio of number of atoms sputtered T~ o
to number of impinging ions, typically 5-15

lon sputter yield (y,,* «): ratio of ionized atoms sputtered
to number of impinging ions, 106 to 10-2

lon sputter yield may be influenced by: m +

*Matrix effects ]s T ]pyma H

*Surface coverage of reactive elements

*Background pressure in the sample environment

*Orientation of crystallographic axes with respect to the sample surface

*Angle of emission of detected secondary ions %4— -
+

First principles prediction of ion sputter yields Courtesy of
is not possible with this technique.

46
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X Determination of RSF Using lon Implants

Phosphorus lon Implant in Silicon
(dose =1 x 10" fem?, energy = 100 KeV)

A)

m + 5
1" = [pym& 9m77 10
Integral = 3.681 % 10% {ions)

1

Level _Im
Profile:  (OF = T'Oi

l

Zecondary lons (s

Crater Depth
0.7 pm

Gaussian RSF I oCt 1o

Profile: - Z
C{ '[i Ci[b(j wee e T
0 500 100 150
Time (second)
. L Graphic courtesy of
RSF = Relative Sensitivity Factor ~ C = # measurement cycles EAG Laboratories
_ |, I: = ion intensity (counts/sec) t = analysis time (s/cycle) prmESS

Where: p = atom density (atoms/cm3) d = crater depth (cm)

¢ = implant fluence (atoms/cm?) l, = background ion counts
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Effect of Primary Beam on Secondary lon Yields

Elemental Detection for O, and Cs" Primary lon Sources

- Optimal analysis by O;'SIMS (positive ions detected)
|:| Optimal analysis by Cs*SIMS (negative ions detected)

:] Cs" cluster ions

u
195.08 [ 196. 222
110

Graphic courtesy of
EAG Laboratories
http://www.eag.com

Oxygen bombardment

When sputtering with an oxygen beam, the concentration of oxygen increases in the surface layer and metal-oxygen bonds are present in
an oxygen-rich zone. When the bonds break during the bombardment, secondary ion emission process, oxygen becomes negatively
charged because of its high electron affinity and the metal is left with the positive charge. Elements in yellow analyzed with oxygen
bombardment, positive secondary ions for best sensitivity.

Cesium bombardment

When sputtering with a cesium beam, cesium is implanted into the sample surface which reduces the work function allowing more
secondary electrons to be excited over the surface potential barrier. With the increased availability of electrons, there is more negative ion
formation. Elements in green analyzed with cesium, negative secondary ions for best sensitivity. 48
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X Positive and Negative Secondary lons

106 ! I ! I ! I ! I ! I ! I ! I 3 - ! 1 ! 1 ! 1 ! 1 ! 1 ! 1 ! 1 4

lon implanted P standard L lonimplanted P standard |
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10" E g / S|

= . 7P 1

(72) 1] . i

o 10°k Cs" beam | _ g 10 Pi = I_RSF Cs' beam | 3

K S I B m -

% Z P ] c 10%° - ) P 4
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Depth

Profile Application with Hydrogen

S. A. Stockman, A. W. Hanson, S. L. Jackson, J. E. Baker, and G. E. Stillman, Appl. Phys. Lett. 62, 1248 (1993).

10" 107 - - -
~ As Grown by o Annealed @ 400C in Nitrogen for 5 min
- Metalorganic Chemical Vapor Deposition
Cé:lo ed Si(-;do ed Célo ed Si-Gdo ed S%ai\rs;t
S £3 ans S LUDS! e
16°F 10°F
_ 0% _ 0%
(%) (2]
Q o
=] =] H
s H g
3 18L r 3 18l
= 10 = 10
< <
[+ b o
= -
& L &
= C = [ M— C
[e] M o
5} 17} o
10
1'%
- Si
U u L Si
bkl ekl ——— PO PN | U O | ORI ] S v [N G G T S ] L
0,0 0.2 04 0.6 08 1.0 12 14 0.0 0.2 04 0.6 08 1.0 12 14

DEPTH (microns)

DEPTH (microns)

Detects hydrogen

Large dynamic range
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I B Depth Profile in Si(001)

| ] ) | 3 ] | I | ) | ] | ) ¥ I | 3 ] ] | | ) | | | 1 | | | ] 1 | | | I | ] | | | ]
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1 SIMS depth profiles through a B
7 modulation-doped Si(001):B film

grown by GS-MBE from Si,Hg
and B,Hg at T,=600 °C. The
incident Si,Hg flux was Jgjppe =
2.2x10'8 cm2 s-1 while the B flux
Jgone Was varied from 8.4x10"3 to
1.2x10'% cm2 s-1. The deposition

 time for each layer was constant
J at1h,

G. Glass, H. Kim, P. Desjardins,
N. Taylor, T. Spila, Q. Lu, and J. E. Greene.
Phys. Rev. B, 61,7628 (2000).
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X Electrolessly etched silicon nanowire arrays
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J.S Sadhu, H. Tian, T. Spila, J. Kim, B. Azeredo, P. Ferreira, and S. Sinha. Nanotechnology 25, 375701 (2014).
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Transition-Metal Accumulation on Anodes in Li-ion Batteries
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Summary
Atom Probe SIMS

1-10,000 amu ion
1-20 K?V lon (1-120 eV)
| |
Spatial Resolution Information
0.1-0.3 nmin depth Surface Mass Spectrum
0.3 —-0.5 nm laterally 2D Surface lon Image
Elemental Depth Profiling
Field of View 3D Image Depth Profiling

100 — 200 nm laterally
Elements Detectable
Time-of-flight mass analysis H and above
Mass range from 1 — 600 amu

Sensitivity
Compositional analysis ppb - atomic %
Near 100% ionization of emitted atoms
Up to 80% of all atoms analyzed Analysis Diameter/Sampling Depth
Sensitivity ~ ppm ~1 mm - several mm/0.5 - 1nm
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