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Micro-Analytical Capabilities
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EPMA
or SEM AEM
0.1 um 10 nm 1 iy

K_ 100 nm 10 nm
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\, source source
.

Spatial resolution ﬂ mm) Analytical sensitivity ﬂ

"Zalizec - 2023

Williams & Carter

10/28/25



Zalizec - 2029 |
Engineered Materials , Catalysts, Nanomaterials , Quantum Structures
Meso/Nanomaterials and processes challenge our ability to understand them:
—
Ru Catalyst on CeOx Support ’
Materials Engineeering at the Meso->Nanoscale
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Atomic Layer Deposition / MnO,:TiO, with AlO, spacers
1ML 2ML 4ML 6ML 8ML
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MnOx/ TiOx
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Brief Review of X-ray Generation
Instrumentation: Detector Systems
Instrumentation: EM Systems
ZaMzeT 2077 ]
Spectral Profiles
Electron Excitation of Inner Shell Processes
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L shell M shell
12,3 145 d-band
8 1 L g | s-band
o
. AES
> } XPS/UPS
EELS/XAS Incident Electrons Incident Photons
Schematic Diagram lllustrating Sources of
Signals Resulting from Inelastic Scattering
9
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Experimental XEDS, XPS, and EELS data from the Copper L shell. Note
the differences in energy resolution, and spectral features.
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Nomenclature

Relative Intensity

Zalizec - 2023
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K, = 100 Ly = 100 M, = 100
Ka2 = 50 Lo, = 50 Mg = 50
Kp = 15-30 Lg = 50
Ky = 1-10 Ly = 20
Kps = 6-15 Les = 1-6

Lps = 3-5

Ly = 1-10

Ly = 052

L, = 1

L = 13

Line - lonized Shell

Ko, — Kshell Loy, -mainly L3 Ma; > - mainly Mg

KBi_4 — Kshell LB, -mainlyL, MB; - mainly My
LB, -mainly L, My, ; - mainly M3
LBs4 - mainly L,
Ly; - mainly L,
Ln  -mainly L,

Atomic Nymber (2)

Characteristic X-ray Line Energy = E fina- E initial

.» X-ray line energies are unique.

Energy (keV)
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Characteristic X-Ray Spectrum
lllustrating KLM lines

Barium L Copper K Yitrium K

Oxygen K
Barium M
Copper L
Yitrium L

Energy (keV)

TEM XEDS Spectroscopy
Y1Ba,Cu307.« Superconductor — 200 kV - UTW Detector

Note: As Z increases the Kth shell line energy increases.
If K-shell is excited then all shells are excited (Y, Cu, Ba) but may not be detected.
Severe spectral overlap may occur for low energy lines.
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Electron Excitation also generates Continuum

(background) signal

Incident Electron

Backscattered

Electron /‘/J'
Bremsstrahlung

(Continuum)

Photon Emission
Primary Electron \.\»\

Elastically Scattered
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160

140

Be

100

807

Counts

60

Intensity

40

20

|
0 Photon Energy E,

Channel

Energy Range - Continuous Distribution

Maximum = Incident Electron Energy (Least Frequent)

Minimum = E pjasmon~ 15-30 eV (Most Frequent)

Spectral Distribution will reflect this range, modified by detector response function

. he

Agg =
swl 2
E,

where E | =acclerating voltage.

(E,-E)
: n °
I.=i, Z -
E
where 1, =beam current,
E = energy of interest,
and E | =accelerating voltage (keV)

14
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Electron Excitation of Contil (Background) I ity
Oxygen K
Barium M
Copper L
Yitrium L Barium L Copper K Yitrium K
2
@
=
5]
5
0 2 4 6 8 10 12 14 16 18 20
Energy (keV)
Spectral background will be influenced by:
1.) Specimen composition
2.) Detector efficiency
3.) TEM generated artifacts
4.) Channeling in crystalline materials
15
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Low Mag Mode vs. Mag

Mode

300 kV Operation

LM _Mode 1.1kX

/

1

i
0.0 10.0 20.0 30.0 4

0.0 50.0 60.0 70.0

Energy (keV)

80.0

16
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Instrumentation: Detector Systems
Energy Dispersive Spectrometers (EDS)
Si(Li) Detectors
Spectral Artifacts of the EDS System
Detector Efficiency Functions
Light Element Detectors
Silicon Drift Detectors
17
17
ZaTzes 2027 ]

10/28/25



Energy Dispersive Spectrometers: (Solid State Detector,

Operates on Energy Deposition Principle

Simple, Nearly Operator Independent

Large Solid Angles (0.05-1.0 sr)

Virtually Specimen Position Independent

No Moving Parts

Pseudo-Parallel Detection

Quantification by Standardless or Standards Methods

Poor Energy Resolution (~ 130 eV)
Peak/Background Ratios ( 100:1)
Detection Efficiency Depends upon X-ray Energy

Zalizec - 2023

h AMPLIFIER

FET
PREAMPLIFIER

—
SPECIMEN

19

Wavelength Dispersive Spectrometers : (Diffractometer)

Operates using Diffraction Principles (Bragg's Law)

Excellent Energy Resolution (~ 5 eV)
High Peak/Background Ratios (10000:1)
Good Detection Efficiency for All X-rays
High Counting Rates

Good Light Element Capabilities

Complex Mechanical Devices, Operator Intensive
Specimen Height dependant focus

Moving Components in the AEM

Limited Solid Angles (<0.01 sr)

Serial Detection

Quantification Requires Standards

Bragg’s Law as applied to x-ray diffraction
" Electron
) = 2d sino Beam

A is the wavelength of interest
dis the interplanar spacing of the diffractor

11is the angle of x-ray incidence on the diffractor
s an interger

PROPORTIONAI

COUNTER L PREAMPLIFIER

"Zalizec - 2023

Johansson geometry
bent to radius 2R and
ground to radius R

Rowland
circle

10/28/25
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WDS system in a TEM
EMMA-4 System

ELECTION GUN

DOUBLE CONDENSER LENS

SPECTROMETER | SPECTROMETER 2

cRrsTaL

VIEWING CHAMBER

24 PLATE CAMERA

spectrometer

crystal

detector

Zalizec - 2023
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Modern Applications WDS
Valence Band/Electronic
Structure Measurements

Intensity (au.)
%

170 s 150 185 90
Energy (V)

M. Terauchi, M. Kawana — Tohoku University

"Zalizec - 2023

i
18000 : T
250 275 300
Enery (eV)

Diamond C K-emission spectrum

Y. Ito NIU Physics

22
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Comparison of EDS and WDS Spectra
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Ba La12 EDS Spectrum
| NBS glass K252 [
Ba L1234 H
2
2
g
E
Ba Lo12 WDS Spectrum
| NBS glass K252
Ba Lp1234
2z
2
2
£
-<———  Wavelength
23
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Comparison of EDS and WDS Spectrometers
Parameter Wavelength Dispersive Energy Dispersive

Construction

Energy Resolution
Efficiency

Input Count Rate
Peak/Background”
Atomic Number Range

Number of Elements
Solid Angle
Collection Time
Beam Current
Detector Stability
Spectral Artifacts
Operation

Mechanical Device
moving components
5eV

<30 %

30-50 K cps

10000

Z >4 (Be)

1 per Detector
0.001-0.01 sR

Tens of Minutes

High Stability Required
Good Short Term
Neglegible

Skilled (?)

Solid State

no moving parts
130 eV

100 % (3-10keV)
10 K cps

100

Z > 11 (Na)
Z>5(B)

All'in Energy Range
0.02- Tt sR

Minutes

Low Stability Required
Excellent

Important

Novice

* Values depend on definition, specimen, and operating conditions

24
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Energy Dispersive Detectors
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Si(Li) vs SDD

25

Environmental Housing

LN2 “Finger”

Zaluzec - 2023 |
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Si(Li)
Intrinsic
Silicon

Li — | Initially p-type
Diffusion —» Silicon
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Si(Li) Crystals

Thermally Induced
Concentration
Gradient

«P-type Silicon high conductivity due to
Apply a impurities (usually Boron); Lithium acts as a
PPly compensating dopant neutralizing the Si

Reverse giving it a high resisitivity.
Biased

Potential « Radiation deposits energy in the Si(Li)
lattice & creates free electron-hole pairs in
the crystal @ 1 electron-hole pair/3.8 eV of
deposited energy @ 77K.
« Intrinsic semiconducting Si allows both

Cut Silicon electrons & holes to become mobile under

Crystal on application of a potential bias across the

Intrinsic Boundaries crystal

27

Housing

——
‘ ‘ Environmental
—

"Zalizec - 2023

Silicon Drift Detectors

Window _ Collimator
SDD Chip

Ceramics

Pelfier Cooler

5-20 mm

28

10/28/25
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Silicon Drift Detector

Anode

Drift Rings

-+ -V - |

g
/ llllllj

Electrons

Back Contact

A A

X-rays

5
|

vt Sigral1
Event2 Sgnalz
Event Sigrel s

Both sides are reversed biased
Electrons travel along the central potential well
Radial drift gradiant sweeps electrons to the Anode

PN Sensor

29

HOWASHERXErayaSIghialiVieasured s

Both Si(Li) & SDD are similar (but not identical)

X-ray’s create e/h pairs in the Silicon, the charge is
digitized and then measured.

Properties of Intrinsic Silicon

Attaching HV electrodes to the electrodes on
the Si(Li)/Si crystal collect the free charges
developing by x-ray ionization.

Charge developed in the crystal is N = E/e.
(E= x-ray Energy, ¢ = 3.8 eV/e-h pair)

=> 10 kV X-ray produces ~2630 electrons
=4.2x 10 -16 Coulombs.
DAQ Signal Processing/Amplifiers
converts charge pulse to voltage pulses
height of pulse ~ energy of x-ray

Pulse Measurement requires “Time”
Si(Li) ~ 100’s of usec
SDD ~ 100’s nsec to a few usec

"Zalizec - 2023

Charge signal ‘ c l Voltage ramp

Crystal FET Pre-amplifier

Back Contact

Voltage

30

10/28/25
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Relative Detector Efficiency

e

Intrinsic
(Active)
Zone

LN2
Cold
Finger

> FET

7\

N\
Dead Layer p-type \

Au Electrical Contact

Environmental Isolation W indow (Be, Hydro-Carbon,

SS Cryostat Housing
Dead Layer n-type
Windowless)

X
I — lr=1gep (- wx)=1 exp (- [%] p x)

Efficiency

Relative

Relative Efficiency
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1.0
0.8
0.6
041 Detector Window Type
= 8 Mcron Be
1000 A Pyrolene & Aluminium
0.2 Windowless
h Au Contact Layer 250 A
Si DeadLayer  1000A
Si Active Layer 3 mm
0.0 T T T
0 1000 2000 3000
Si(Li) vs SDD

4000

dTNN TN
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_|—m—soD-10mm

—e— Si(Li)-3.0mm

5 10

15 20 2
Energy (eV)

00 Sl sngle

T r——

t=0.38 ym
Support Bar
Area
~ 20-30%
' X-Ray Transmission, Film + Gri

AP3.3and AP3.7 X-RAY WINDOWS

id

% Transmission
I EEEEEE]

i

—w
—aea7 ‘

o w W w @ W @

Energy (eV)

)

"Zalizec - 2023
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Detector Efficiency Spectral Data
YBaCuO Analysis
/ Cu Ko,B
5 &
Ha S BaLafy
3 >
-
/ S PO N | I
o . S PRt
[ l}— s & = R 1 e
et Sl ;
0 2000 4000 6000 8000 10000
X-Ray Photon Energy (eV)
33
33
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Normalized Intensity (Arb. Units)

WindowlessivsaEonyventionalt)etectors

Mem #0:2020050716-UHRXEDS-BE-ZAL.msa

1.00
NiL i 1980’s
Windowless NiK
0.80 XEDS Detector
«
0.60
OK
0.40
Beryllium Window
XEDS Detector
3000
0.20
U 2500
0.00 ot J : o 2000
0 4 6 8 £
Energy (keV) 8 1500

1000

500

Be K

A
C

2020’s

000

025 050 0.75 1.00 125
Energy (keV)

34
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The Multi-Chz Analyzer
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IDELECIONRESOIUONISAEECIS] ATIACIS)
Eq E, E; EE Es Eq
Ja Charge sgnal Il Voltage ramp
] % 2 xray [
4 c x
48 o -
c 43 ¥ = 4 —
] =
H 1o o - u®
n - O -
s 1= = o =y
] l a a ? Crystal FT Preamplifier 3c
. © ©
4 o =
2l
] w T
] . AEpyum=V Electronic Noise?+2.357 ¢ F E
T T T Lo LA NN WL R 1T
' ' Energy (eV)
) Mem #02022120118 N30k 2kcspectrummsa
Detector Facts/Artifacts
« Resolution =f(E, DAQ, T¢) H
« Spectral Overlap = f(E, Resolution, DAQ, T¢) " o
«  Sum Peaks =f(Céunt rate,E, Tc)
« Escape Peaks =ﬁ(Counts,E, Geometry) =
« Distortion Tails = f ( E, DAQ)
* Microphonics =f(Environment) ° T T T T T T T e
energy (kev)
Nominal FWHM Values in Modern Silicon X-ray Detectors:
OKa (0.52keV) = 60to 100 eV
MnKa(59keV) =120to 160 eV
MoKa(17.5 keV) =210t0 230 eV
36

36
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Resolution vs Energy & Processing Time Constant
Resolution - FWHM - VNoise? + 2.35%FE
Measurement mmmm)  Processing Time =mmmmm) Data Display
186 T T T T
o ——0.5usec n
> ———2.0usec
é’ 3 - R [ | ——16.0 usec
)
A
Time J \j‘| I
) 0 0.5 1 1.5 2 25
AVoltage (step height)= £ (X-ray Energy) Energy (keV)
Voltage Step height accuracy = _f(time to do the measurement)
37
37
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Operation of the Multi-Channel Analyzer
T Amplifier Output Signal
Voltage
Low Level Discriminator

— S ——

— I Low Level Discriminator Qurput

] / \\- Signal Run-Down Caparitor

—_ Address Clock

I_l_ Memory Cyele
I_ Linear Gate
— L Dead Time Gate
Time
Adapted from Gedcke, 1972

38
38
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Resolution Loss with Count Rate
Si(Li)
_190.00-
3 ] /
~  180.00] =
(=} 4
S ]
2 170.00] //
Q 4
ot J
= 160.00 //
= b —a— 100 Kv
. 1.
s 150.00_42/ —e— 200 kv
. ] —o— 300 kv
©  140.00}+————F
0 5K 10K 15K 20K 25K 30K
Count Rate
39
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Spectral Resolutior: Limitations ->» Pzak Cverlaps
CETN - . EXEI ', -
1360. 00 "
j KShell
] N
o
i
0.00 "y (B S A e B B |
0. 000 Energy (eV) 2000. 000
20400. 00
] LShell
| Ni
Cu
- V Mn
E _‘ Ti Cr Fe
]
R UV B B B L NS WA B L S
0. 000 Enargy (eV) 2000. 000
Low & Medium Z Spectral Overlaps Medium & High Z Spectral Overlaps
40
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Better Resolution Requires a Different X-ray Technology
XEDS vs WDS Spectra

Zalizec - 2023

FeKa

A. Sandborg - EDAX

41
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1360. 00
KShell A
Li r\«\
< f i N P/\\ r\ Na
S Be
i sgpe et r\ Mg
P’\ ° E ~
B Si
0.00 u
.00 ! Tnargy @v || 200,900 c F Ty l :P
o e v Cw— -
Fe
20400. 00 Conen Mn /‘\\(;e
Cx Y
v Cu Zr
c
H Nb
v Ti Mo
t Ni Pd
Sc E: Co se
Laiiaptipin o i g o v e
0.00 LI B i B
0. 000 Enargy (aV) 2000. 000
Zaluzec - early 1980s
42
42
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Resolution will also vary with
Microphonic & Electronic Noise, IR/Visible Light!
1000.00
. High Nojse
800.00+
] //«J‘/\r/ Intermediate
> 600.00
= j
5 : [f »
£ 400.00 //M’\ ,,M\\ l None
] 1 (
200.00+ ’,\}eg 7
0.00 ¥ | | eoemmevhsoe T
0 0.4 0.8 1.2 1.6 2
Energy (keV)
WL & UTW detectors are particularly sensitive to low energy noise and
microphonics and light all reflect energy added to the crystal
Observe the changes in the spectra
43
43
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Incomplete Charge Collection in Solid State Detectors : Low Energy Tails
Au Contact Si Dead Layer o
-
x4
d Si Active Layer St =
A
0.20—
Npeak=No exp (—ud)
N_tail
Ntai1 = No (1 - exp (-pd)) N peak 0.10—
PV (1-exp(-pd)) Si Edge
Npeak exp(-ud) 0.0 £ >
| | |
1 2 3
Most prominent at low energy Lines Energy (keV)
44
44
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Example of “Artifacts”
Escape Peaks = f(Energy)

254

Eni-1.74k

n
I

Intensity (kCounts)

0

0.5

0.0

8
Energy (keV)

X-ray

HV o

Crystal

All x-ray energy must be
converted to e-/h pairs to be

measured.

Some energy is reabsorbed
creating Si x-rays. Some of
These can escape near the edge

of the crystal.

Energy lost = 8E
which excite the Si x-rays

Zalizec - 2023
e, g €

Ex =1.74keV
45
45
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Example of Artifacts -- Sum Peaks f(Count Rate)
250
Fek. = 6.39
Ferka
Feke 2=2x6.4 = 12.8 keV
200
Feko Esc = 4.66 keV /
150 100 keps Detectors are
E o sensitive to energy
g g deposited NOT
.% individual x-rays
107 At high count
rate multiple
x-rays can be
in the detector
=09 15 at the same
o - Al [ measurement
oty ke interval
L5y n:A:Lf
0 i ! v i MoKa woK8
0 5 1|0 15 20
Energy (keV)
46
46
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Example of Sum Peaks = f(Count Rate)
25
wka  Sum Peaks Decreases
with Count Rate
but Escape Peak Percentage
27 remains nominally the same
Feka Esc =4.66 keV
P \ Fekq Z =12.8 keV
= 1.0 1
N w
oy Fe-KB
Crika Energy (keV)
| "
0.0 - T T T T
0 5 10 15 20
Energy (keV)
47
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Specimen/Detector Geometry
48
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Direct Detector Comparisons Collection Geometry Also Matters
ANL CM200 — SDD - Windowless
‘ggms EZEE} ANL CM30 - Si(Li) - SUTW
) ,‘; NiiKa in‘NiO Eo - 200 kV
I t ~ 65 nm
i T= 100 Lsec
J A £ i~ 0.5-0.8 nA
;o All Nominally 30 mm?2
%’ \ g
l T\ Spectra are normalized to measured
/ e \ e beam current using in-situ faraday cup
T
S/ % aoo]
£ N
S
YO ol ) -
2 3 4 i e 7'7 8 CM200T  Tecnai F20ST ~ CM30T
N.J. Zaluzec
3 Measurement of X-ray Detector Solid Angles in the AEM
Proceedings of AMAS XII , Univ. of Technology Sydney, Sydney, Austriala Feb 2013
49
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Relative Detector Collection Efficiency

IGZ{O-G(EO’Z).FDC.(O(I}. % oéaut. ga.f
7 T

100 mur’ Cylinder 100 mm? Racetrack 100 mm? Square

Specimen/Detector

Geometry
Detectors are customized to fit - ‘ == Iy
in the “gap” Inbetween the A y ‘

Objective Lens Pole Pieces

and collect x-rays from the T e 0cty~7x132m 'éﬁl'flii%"ﬁﬁ’ Guard Collimator = 12.4 mm
specimen which hit their active Housing R = 11.5 mm chstosscat Housing 16 x 16 mm

area. Many geometries are

now possible. -g ;? ‘a w
T g V0w

e S 2~
= - -

Today’s XEDS Geometries
Influence the Collection Efficiency (Solid Angle)

50
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Pole Piece Configurations & Sizes

Large Gap
~8-10 mm

Typical
Gap
~4-6 mm

51

Geometries Vary

10/28/25
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Detector/Specimen Geometry

TEM

Internal Collimator

U

Si Detector

Specimen External Collimator

Designation Elevation Azimuthal

Angle 0g Angle 0,
Low 0° 450
0° 90°
Intermediate 5-30° 900, 45°

High 68-72° 0°

53
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Detector/Specimen Geometry — Collection Solid Angle

XEDS Tools
Solid Angle Calculator
V-2014091607

‘Download M&M2014 Paper with calculation details
Microse. Microansl. 20, 13184€+1326, 2014
010,101 7/81431927614000056

Circular Cross-section
S A ¢ A AN Parameter Valie units
Q > Distance to Detector (d) 12 mm
=— — Detector Active Radius (1) 29 mm,
R 2 R 2 . Detector Tilt Angle (0) 15 degrees,
specimen ‘ [Fraction Obstructed (/) I PYP3!
Nominal Active Area (4) 2642 mm?
¥ [Radial Detector Solid Angle (£2) 0176 R
[Non-Radial Detector Solid Angle (52) 0170 R
Radial Detetor it Angle ) =0
Rectangluar Cross-section
Parameter Value units - =
Distance to Detector (d) 2 mm S o e
Detector Active Height (h) 7 mm| A 4. P
Detector Active Width (1) 132 mm
Detector Tilt Angle (6) 15 degrees H v
[Fraction Obstructed (f) o o0s<f<l "
[Nominal Active Area (4) 9240 mm?) RIS
[Radial Detector Solid Angle (£2) 0.541 R sprcimen
[Non-Radial Detector Solid Angle (2) 0.524 R £
Radial Detector,Till Angle (0= ecacane on Radial Detector,Tilt Al (0)> 0
Annular Cross-section
‘ " Parameter Value units
T Distance to Detector (d) 6 mm|
Q Outer Active Radius (7, ) B mm
= - ¥ Tnner Active Radius (7, ) 3 mm|
i Fraction Obstructed (f) 01 0<f<1
¥ 3t [Nominal Active Area (4) 5027 mm?|
Calculated Solid Angle () 0714 R

http://zaluzec.com/NJZTools

Zaluzec Microscopy & Microanalysis 2014

54
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Variation in Collection Solid Angle
with Specimen to Detector Crystal Distance
10
0,
o 100%
3
@ 1 <~ Nominal Detector Geometry N
o ]
=) ] \ 10-16%
<< 4
=
S
oy ]
K5 \:& 2%
3 0.1
< 1
8 ] \
1 0.8%
—=— 100 mm*2
1 —e—50 mm"2
——30 mm*"2
0.01 —— 10 mm"2 \ 0.2%
0.1 1 10
Detector Distance (mm)
Zaluzec - Microscopy & Microanalysis ,15, 93-98, 2009
Zaluzec - 2023 |
Shape y Nominal Detect Parameters Calculated Solid
Area Angle (sR)
A=26.4mm
Circular Radial 30 mm* d=12mm 0.176
Windowless 0 =15
Eq. 2 £=0
A=26.4mm
Circular Non-Radial d=12mm 0.170
Tilted 30 mm? e =15
Windowless £=0
Eq. 11
A=26.4mm
Circular Non-Radial 30 mm® d=12mm 0.136
Tilted with 0 =15
Supported Window £=02
Eq. 11
A=541Tmm
Circular Non-Radial 60 mm’ d=19mm 0.140
Windowless 0 =13.5
Eq. 11 £=0
A=86.6. mm
Circular Non-Radial 100 mm? d =20 mm 0.169
Windowless 6e =10
Eq. 11 £=0
A=92mm
Rectangular Radial 100 mm? d=12mm 0.541
Windowless 0 =15
Egs. 4-6 £=0
A=92mm
Rectangular Non-Radial 100 mm? d=12mm 0.529
Tilted 0 =15
Windowless £=0
Egs. 13-15
A=92mm
Rectangular Non-Radial 100 mm? d=12mm 0.423
Tilted with 0 =15
Supported Window £i=02
Egs. 13-15

10/28/25
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Conventional Geometry
30 vs 100 mm?2
Holder Penumbra

When o > 6 then holder penumbra
will definitely shadow

Holder Tilt 0°

30 mm Round Detector
R~12.0 6~18a~6.9
D=11.4,D:=3.75
Q30 = 0.175sR

100mm Square Detector

R~13.1 6~8.75 o~ 20.1

Dr=13,Dz=2

Q100 => 0.248 ->0.475sR

i.e. Q varies with tilt as the penumbra changes

Holder Tilted 20°

57
ZaTzee 2077 ]
- | Comparisons of Performance M
‘ Test Specimen: Ge on SiNx \
ANLTEM ANLTEM ANL PicoProbe
60 mm2SDD 4x30 mm2SDD Apap
T
1
1
8 Eo-200 kV '
1 1
E f Ge Ka 1
a 1
< 1
S
o 1
=] 1
E 1
o0 1
)
- 1
£ 1
g 1
o 1
(U] 1
1
x1 :
N s
95 100 95 100 ’ 95 10.0
Energy (keV)
Ge/SiNx Specimen : http://www.temwindows.com/category_s/55.htm Protocol for XEDS System Penumbra Measurements:
T ’ : - Zaluzec etal Microsc. Microanal. 22 (Suppl 3), 2016, 278-27
58
58
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5 -
—@— Single Detector
—— Detector Arrays

- {%‘.‘ .....

2 8
& \
© |
o 1
g I
< 1
iy X
s 3 '
3 CERTIFICATE I
“ i
S A )
3 i) )
% 2 .,v..m".“.f’.?'ﬁ'.zﬁi'é'.fifql,'isﬁ’mul
(&] Pty
S
3 ok
Qo OFFICIALLY 2 2
g 1
8 s

;o
0 o—o—Y
1970 1980 1990 2000 2010 2020
Year
59
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Penumbra of the specimen holder
is a limiting factor for XEDS in virtually all experiments
How do you determine it's real extent and minimize it or correct for it?

300x10°

14 15 16 17 18 19 20 21 22

10/28/25

30



Conventional Geometry
30 vs 100 mm?2
o Holder Penumbra

When o > 6 then holder penumbra
will definitely shadow

Holder Tilt 0°

30 mm Round Detector
R~12.0 6~18a~6.9
D=11.4,D:=3.75
Q30 = 0.175sR

100mm Square Detector

R~13.1 6~8.75 o~ 20.1

Dr=13,Dz=2

Q100 => 0.248 ->0.475sR

i.e. Q varies with tilt as the penumbra changes

Holder Tilted 20°

Zalizec - 2023

61
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-

To estimate Penumbra of your Specimen Holder

Calculation of Holder Tilt to Minimize Holder and Detector Penumbra
Parameter Value  units
Holder Side Wall Half-Height () 0.5 mm
Holder Half-Width (w; ) 3.25 mm
Holder Penumbra Angle (6,) 875 degrees / y
\ 95 A
( Upper Detector Height (Hy; ) mm H
I Lower Detector Height (Hy ) -1.7 mm / ! ()L v Y
¢ | @p [RadialDetector Distance (D) 11 P —— e-Y i\
hs - - Detector Upper Elevation Angle (65V) 29.80 degrees &,
T Detector Lower Elevation Angle ( 65> ) -8.78 degrees. D
— - < >
w Minimum Holder Tilt Angle (& = 8,, - 6p") .
s to mitigate penumbra's of holder and/or detector 17.53 degrees, Note: some detector geomelrics can have
Hy, which is negative (i.c. below the specimen plane)
 Calculare

http://tpm.amc.anl.gov/NJZTools/XEDSSolidAngle.html

62
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Collection Solid Angle Variation

8.0

60.0

200

Modeling the Variation of Solid Angle
./ ( Detector Position & Holder Geometry)

P

/

(

A
1
1
1

4

~

~

\\

~
~

~

~

=1
2

A

!I
AR
w

o
AR

A
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Ge Ka Intensity

2000

1500 foio ;

1000

500

itandard Test Specimen Ge/SiN and Experimental Procedt

P

Ge Ka Intensity

-20

Holder Tilt (degrees)

4

"Zalizec - 2023

v o
h=T “‘L_ Ge Ka Intensity * cos(B)
—> -
w!
1200
o
1000 o
800
| ] t /
600
400 /
B 200 /
(" S
0
-20 0 20 40 60

Full Solid Angle reached only after passing the arrowed transistion point .

Holder Tilt (degrees)

64
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Germanium on SiN,
Ge
SiNy
* No Cu grid bars to confuse any measurements
« Holes allow beam current without removing the holder i
« No crystalline channelling effects to complicate interpretation FIB Cross-section
See Poster # 6 - A Ge/SiNx Standard for Evaluating the Performance of X-ray Detectors in the SEM, S/TEM and AEM
o5 Nestor J. Zaluzec, Jon-Paul DesOrmeaux , James Roussie
65
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e Experimental Single 30 mm2 Round SDD Detector -
”?’ Tecnai F20 / Standard DTBe Holder \
600.0
S
500.0
o / )
E 400.0 /
: /
2
= 3000 :
=
: \ /
o 200.0
X
& \ / Standard DTBe Holder
100.0 / & Conveational SDD.
\
0.0
40 -30 -20 -10 0 10 20 30 40
Holder Tilt
66
66
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Example 6 Different Instruments (2 Manufacturers) & Detectors (5 Manufacturers)
Notice Penumbra Differences

30 mm? 30 mm?2 30 mm?2 O T B St e

/w Trevees /KT*”

-60 40 20 0 20 40 60 30 20 -10 10 20 30 4 B O I N FENRP g

Holder Tit Holder Tit Holder Tit

60 mm?2 /.,— e ] 80 mm?2 100 mm?2 et

W o]

40 0 o o 1 2 3 d Ao E0 T 0 o 1 2 3 4

Holder Tit Holder Tilt Holder Tit

Ownership/Manufacturers Intentionally Obscured
Vertical Scales are NOT identical

67
Zares 20T ]
Detailed Example
Quad Super X Detector(s)
Four Individual Detectors Detector Sum
3 Iy
0 Lo e . 5 6 I e B
= 7 < e
< ¢ \\"\ s R
£ 4 -
= ® \l
E / \
8 s B - o
(@) ‘.
* S
5 s A\
") N
[ o \\\l
o Notice subtle differences these are real Borp
40 -30 -2‘0 -1‘0 O‘ 1‘0 2‘0 3‘0 40 -40 -30 -20 -10 0 10 20 30 40
Holder Tilt Holder Tilt
A 2
’7 w
< i P @<
| )
68
68
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Absolute Comparisons of Different Geometries

Dual / Quad [/ Single

Ge Ka * Cos(Tilt)/nAlLsec

-40 -20 0 20 40

Specimen Holder Tilt

Penumbra of the specimen holder is also a limiting factor for XEDS

69
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Today’s Challenge : Multi-Modal / Analytical Sensitivity
at the Sub-nm to Near-Atomic Level in Hard/Soft Matter

In Real Time

Heavy Metal Segregation - Polyamide Nanomembranes

Pt NanoCrystals

Single Pt Atoms

Sub-Angstrom Imaging in Photocatalysts in Thylakoids

70
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Heterogenous Catalysis
“Atomic” Sensitivity at Site Specific Locations

Spectroscopic Detectability Limits

Signal in the Presence of Background

Detectability is related our ability to measure the
change in signal that is statistically significant above
random flucutations

Student T-test Criterion

Al > 233+x0=233*+VI+B

Al 2.33
1 T
I+B

detector technologies.

Ok Nip
EELS
XEDS
600 700 !‘;0 “!ﬂ 1“‘!0
Energy (eV)

Notice the functional dependance on both I and I/B
This is not the traditional definition that has been used

In the past only the I/B has been used as a measure to
identify conditions for highest “sensitivity” today that
is no longer appropriate because of the changes in our

Both cases you want to maximize I and minimize 1/B

10/28/25
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ZaTzee 2007 ]
Detectability is Based on a Signal Measurement
k=/(2 E,, t, n,, 7, &,£2,0..)
Minimum Detectable Mass K= Constant 7 2:33 (Saent THest)
Ix= Characteristic (Peak) Signal - from X
MDM - k (Ix/Bx) = Peak to round ratio for X
. . electron flux
I.-n-7
tron current density:
Minimum Mass Fraction d = Probe diameter
T = Analysistime
k i
MMEF ~ =
I Radaton ™| _
O Zx | . b
Ix B no T Specimen 0 Ry 90°
X
=
Anisotropic
Bremsstrahlung
Radiation @
73
73
ZaTizeT 2007 ]

Intensity =T

Theoretical Maximum

.
scatteringprobability

Eliminate Pole Piece Volume Eliminate Specimen Holder

N,

. . .
atoms nelectrons ttime Qeﬁ'iciency

74
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10um e e g ey ey —
: Ni in Fe,
L 30keV microprobe
L (htle‘llvb;ggg (Goldstein & .
- 1le ! e ? .l ___‘_l\ﬁakownz, 1975) |
0 / e
/ nin Cu,
E / e \00keV AEM
o 100nm ! ’,‘ (Michael, 1981) (Romig & i
(7] ge_neratlon Golstein, 1979)
o :mlcroprobe ]
©® 10nm. Bolometer 100nm Niin Fe, 4
- ; : 100keV FEG-AEM
© XEDS A\‘.~‘;;~, N ionm  (Lyman, 1987)
Q. ; ‘l‘ﬁ‘_‘*___ Mn in Cu, !
w Next N 300keV FEG-AEM
1nm - o GRS (Watanabe & 7
: generation N Williams, 1999)
E AEM ro)
o[ Cs corrector
1A PP | PP R 3 PRI LR A A
0.001 0.01 0.1 1.0
Minimum mass fraction (wt%)
Williams, Papworth, Watanabe
JEM 51 S 113-126 (2002)
75
Zaluzec - 2023 |
Minimum Detectable Limit (MDL) |
Criterion — 95% confidence limits in the change =( Student T test p=0.02)
Assume Poisson Counting Statistics Apply to Signal = o gror =V Measured Counts
AS > 233 %0 =2.33 VM Counts = 2.33 * VS + B (T-test Criterion)
rN=a
S Rt
U% ' Ui
o "W)‘
Ji‘vil“nﬂﬂi!w “‘q‘l\jl | ‘ﬁ\’
TR
Energy (keV)
76
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Minimum Detectable Limit (MDL) |

Criterion — 95% confidence limits in the change =( Student T test p=0.02)
Assume Poisson Counting Statistics Apply to Signal = ¢ grror = V Measured Counts

AS > 2.33 %0 = 2.33 *VM Counts = 2.33 x VS + B (T-test Criterion)

ASy > 2.33* /S5 ¥ Bs

ASp 2.33 0
o s
Sa + Ba .

I
M ‘WHIMMIW

Energy (ke\l)

In the limit where Sa<< Ba
(may not always be valid!)

Ra 23 P Tk g * MDE/MDN/MDM ~ ——233K
Sa \/S <ﬂ) S=P*n, T* g *N> JP = =
Ba *(E)* N osTHEX

P=N*Q*o*f, n, =beam current, t =time, & = detection efficiency 2= collection efficiency
k* = term which depends upon measurement ( Bulk =vT.Z, Thin=1,

| To minimize = must maximize (P, P/B, no, . &, ) |

77
Zamzes 2023 ]
Detectability is Based on a Signal Measurement
Lk=/(2 E,, t, n,, 7, €,€2,0..)
— k) Signal  from X
Minimum Detectable Mass T I, o for X
x/Bx) = Peak to Background ratio for X
No= Incident electron flux
k Jo = Incident electron current density
MDM ~ 17 ‘ d = Probe diameter
. . T
- TI” T = Analysis time
Minimum Mass Fraction
k
MMF ~
1
X 1. .
I, n,T S —
. ‘: Carbon K (b)4
z II\lIHHH | | IH\l (W]
Lovejoy etal. APPLIED PHYsmgTs;'gTy:—:k;)s 100, 154101 (2012)
78
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HyperSpectral Image Carbide Precipitates in Type 709 Steel

ElectroPolished Type 709 Steel

ANL PicoProbe/XPAD

300 kV, 400 pA @ 40 kX

2K x 2K @ 13.7 ms/pixel

Conventional background subtracted

0.7 pixel Gaussian Blur to minimize noise

79
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10l |Carbon K ! d J J (b)_
8 -
) SiK

5 6 1
88, Cuk |
g ‘L !

0 LIl 1l vl i N T I (5% [N
0 2 8 10

4
X-ray Energy (keV)

Lovejoy etal. APPLIED PHYSICS LETTERS 100, 154101
(2012)

80
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IU‘:{Ga(EO’Z).Fa.wa}.{%}‘éo.t.{ea.f }

Automotive PGM Catalysts
CaTi

81
Zalizec - 2023 |
Detectability is Based on a Signal Measurement
IX:f(ZI Eo; t, No, T, &, Q; 0)
Minimum Detectable Mass K= Constant . 233 (Student T-tesh)
L= Characteristic (Peak) Signal  from X
k (1x/Bx) = Peak to Background ratio for. X
MDM ~ Incident electron flux: l
. . no= Incident electron flux
I;m, 7 !
Jo = Incident electron current density:
Minimum Mass Fraction d = Probe diameter
T = Analysis time
k
MMF ~ = o
I Radiation
x |em -
Lo, T _
X
remssuationg -
Radiation B
82
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Detectability Limits

Minimum Detectable Mass

Zalizec - 2023

k = Constant ...

MDM - k ‘ no = Incident electron flux
I . * T’o T Jo = Incident electron current density.
d = Probe diameter
Minimum Mass Fraction T =An
Isotropic &
Ch: teristi
MMF ~ k |
I !
X |ogg -
Ix — (N,
X
Anisotropic e ¢ / '
Bremsstrahlung
83 Radiation
0
83
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Characteristic X-ray Emission from a “thin film”
C,*N,+p
1,={0,(E,.Z)T, 0} . £,
Wz

I, = measured x-ray intensity (counts) per unit area,

oo (Eo, Z) = ath-shell ionization cross section

E, = electrons of incident energy (),

w, = ath-shell fluorescence yield,

I', = atr-shell radiative partition function,

W, and C; the atomic weight the composition

t = thickness

Z = atomic number

N, = Avogadro’s number,

p = local specimen density,

& = not the incident electron flux,

&q = the detector efficiency and

Q, = the detector collection solid angle.
84
84
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Beam Current Normalized Counts

Experimental Measurements Ge Test specimen

6500 -

6000

5500

5000

4500

4000

—
A

Ge Ly/Lg

3500 X4

3000
2500
2000

oo |  OK

1000

"

CK

wdp

Energy (keV)

Ge Ko/Kg

Zalizec - 2023

85

Intensity Ge Ka/sec

120.00

Ge Ka vs Faraday Cup Current

ANL CM200 GeKainA vs Layars

I
Tecnai F20 - SiLi Tecnai F20 SiLi

——y=3411+1045x R=099889

=4/5961+100.54x R=099945 /

Va

100.00

80.00

e

60.00

E=cn

[ |

40.00

20.00

Intensity Ge Ka/sec

02

06 038 12

Faraday Cup Current (nA)

25 a5

o Eperimental HGeka

3000.00

Calculated

20131223-Ge-CM200-SDDPrIl

"Zalizec - 2023

2500.00

2000.00

Experimental I-GeKa

1500.00 -

1000.00 :

t/A Map 0

Holder Tilt
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Relative Detector Efficiency

. 1.0
Relative Detector
Efficiency » 08
Q
&
g 05 /]
w 4
— =" " . ol / Dt o T
— 2 ' — 8 McronBe
g Intrinsic N2 ‘_: 1000 A Pyrolene & Aluminium
©  —)p ; Cold 9 ] i Windowless
o (Azc;;v:) Finger @ 027 /. AuContact Layer 250 A
x —> & S DeadLayer 1000 A
( > FET 0.0 . ;S‘ Active Layer . Imm
> /ZZZ%ZZ% 0 1000 2000 3000 4000
Si(Li) vs SDD

N\
Dead Layer p-type \ SS Cryostat Housing

T
Au Electrical Contact Dead Layer n-type f
Environmental Isolation W indow (Be, Hydro-Carbon, Windowless) M “a q\\w\ ]
0s \ “ ‘
<
2 |
Q
X s 0.6
& X |
| |+ = - - o ] o4 !
o — — =1 _exp (- nx)=1_ exp ( px) 3
° ° P T \ \'\'\-\_
— —e—SDD - 0.35 mm
02 o —=—SDD-1.0mm \-\
—e—Si(Li)-3.0mm \&“
0 I i i

Zalizec - 2023

o 5 10 15 20 25 30
Energy (eV)
87
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Bremsstrahlung Emission due to electron excitation
C" ° No * p dEBgnd * d¢
IBgn¢1(¢’E0’EBgnd’Z""):I¢7. W .éo.t.eBgnd. E
z Bgnd
.2 2 e
sm (¢) COS (d)) Isotropic
]¢: I[ ° 74 + ]/ . ] + 74 Characteristic
[1-Becos(9)']] [1-f+cos(9)] Radiation N |
Specimen
1%
I.1,= f(ZE, Eyp..), P ="
/ P
Anisotropic - q)
Isgna =Bremsstrahlung intensity ISl
E, = incident electron energy (), ¢
¢ = observation angle
H . H Note: Traditional
l':'Bg,,d' , dEggna the continuum x-ray energy being measured and Detoctor Elevation Angle
its window 0E = ¢ -90
I, I; = continuum radiation components
Sommerfeld, 1931; Scherzer, 1932, Motz and Placious, 1958
88
88
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Bremsstrahlung at fixed Background Energy window (7.48 keV) vs E,
e
|
|
| Eo (keV) Vo (kV)
9.71 10
Specimen 90°
11.59 12
18.88 20
43.51 50
76.78 100
123.52 200
Epyq =748 keV
00
Calculations for Ni
89
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Variation of Background with Detector Elevation Angle
[ O
3.0
[ - a
[ -30° v
= 25 E,=200 kv F
2 :
o 20° -15°
= [
g 1.5; 0°
B
g 1.0F +15°
o [ v
0.5- ‘
i +30°0 W
3 5 10 15 20
Bremmstrahlung Energy (keV)
Calculations for Ni

90
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Variation of Background with Elevation Angle
Corrected for Detector Efficiency
5.0 ! |
4.0 w— Bremsstrahlung Intensity [
>
"v;; --------- Corrected for Detector Efficiency
o
a0
=
o
>
E 20
[}
o
1.0
0.0
0 1 2 3 4 5
Bremmstrahlung Energy (keV)
Calculations for Ni
91
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Zaluzec - 2023 |
/— 300 kv
2 200 kv
© /_
14
Ee) 100 kv
2 /———
o)
o] 50 kv
2 /—
®©
)
o
)
=
&=
o
[0]
Y
_// I
90 -70 -50 -30 -10 10 30 50 70 90
B . Detector Elevation Angle (6¢)
F‘ N - -
Calculations for Ni
92
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20~ . . 7
o ~ Normalized to Unity @ 50 kV r
® Ni
= \
© Ti
c
3 15 Al
o |
[eTs]
a4
(8]
g Isotropic
r i N
>~ 10 o
O i
Q r 5 N 90°
[
q) %
>
o 05 Bwrciool
o 3 Radiation -
50 100 150 200 250 300
Accelerating Voltage (kV)
93
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eE "*
25 +30°0 =
[e]
5 +20°
©
- +10°
T 20
3
e o
%0 0
S
S 15;
[as]
> -10°
©
[J]
a 10
g 0
2 -20
E -
(]
05
: o il
0 50 100 150 200 250 300
Accelerating Voltage (kV)
Calculations for Ni
94
94
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T 70T
80.0 ! 0;
[ J Experimental
—  Calculated +150
70.0
o
s 60.0 N
S > \
2 50.0 o
3 \k— -7°
o0
< . e
©
0]
e 30.0 /./ LY \ L
3 7 A I
pv4 Z
& 20.0 ‘/ / \ — A]J a
/ \ /5&(([\* =]
P
0.0 : : :
0 50 100 150 200 250 300
Accelerating Voltage (kV)
95
95
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Im‘enszty = rscatteringprobability ¢ N atoms * Tlelectrons * Ttime ¢ efficiency
3 T T
: l—Q—AI Ka
25 —m— Ni Ka
\ —&— Mo Ka
o —e—Pila
@ 2 K \ —a—Llal
é” \\ \ —o—Agla
S \
E 15
§ O\ —— |
:‘3 o
g 1 '\
S ——
0.5 ——
—
¢ 0 50 100 150 200 250 300 350
Accelerating Voltage (kV)
96
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Experimental Measurements
1010° Ge test specimen
" Ge Ka 1.410°
8010
1210° el
4
% 6010° 1010°
:
2 2 8010
S @
5 s
3 4010 § 6010
a
4.010'
2010°
2010"
00 % 50 100 150 200 250 300
6.010
Accelerating Voltage (kV)
Ge Bgnd
5.010°
80.0 6
20102 00 ®  Experimental +150
x = Calculated
» T
% % 60.0
B 3010 5
£ 3010 2 s
S
H © 70
3 S w
2.010° 2
&
3 300
1.0 10 & 0
10.0
0.0
50 100 150 200 00
50 100 150 200 250 300
Accelerating Voltage (kV) Accelerating Voltage (kV)
a7
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Experimental
Variation with E,
MDM MMF
4010° 5010
3510°
» 4010°
) 2
-':g’ 3010° B
ry
% 2510° © 3010°
z %
< 2010° <
= = 0100
é) 1510° Ol
= w
= ’ =
g 1.010° = 1010°
50107
00 00
50 100 150 200 0 50 100 150 200
Accelerating Voltage (kV) Accelerating Voltage (kV)
k k k k
MDM ~ = o MMF ~ =
I ‘n, T I -J -d* T 1 1
E 2
x o x o IX_ X ,n”,r Ix. X .J()Ad T
B " |B
x x

98

98
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Visualizing & Measuring Minimum Mass Fraction

100A 50A

10A

[ | ]
1000 ppm

100 ppm

10 ppm

1000 A

99
ZaTEee =TT
SiNx (C, O, Al, CI) ]
200004
15000
=
2
3
© 10000
5000
od
- 00 05 10 15 20 25 30
D - 1670 nm 7 Energyd(keV) ’
100
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4000.0

DAU/DSiN=20/1 380nm = 1/69
101
Zaluzec - 2023 |

Dsin/Day=1380/20nm = 69

M Acquire EDX

1 sec

05 1.0 15 20 25 3.0
Energy (keV)

102
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St W Acquire EDX

6000

Counts

DSiN /DAu=92/20 nm=4.6 %o 05 1.0 15 20 25 30

Energy (keV)

SiK=196.6K AuM=52.7K AuL=29K AuM/L = 1.82

SiK/AuM = 3.73

103
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Measuring Minimum Detectable Mass
Single Au NP on SiNx
5x10° .
——
: =
4x10 —i00 ]
o
> 3x10° [ ]
E 2x10° n
| J\[L /\JK -
1x10° L /
o
0.0 0.50 1.0 15 20 25 3.0
fle(Preview CCD Line 1 Energy (keV)
1x10° .
1x10° | {\v %:o 4
2 1x10° | \J \\ /) /—5000 ]
| 2 x10°
I \\
/ \
Si ~8.4x10"gms
~ -16
Au~1.2x 1015 gms s Ll 20170724 Au-Sil
104
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20170724-AuNponSIN

AuMa Integral Counts
~
o
=
3

300.00

250.00

200.00

Energy (keV)

150.00 /

100.00 /

Au M Integrated Counts/nA-Sec

50.00

0.00

0.10 1.0 10 10

Time (sec)
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Au M Integral / nA-sec

10° _

10" |

10°

0.0001

0.001 0.01 0.1
Au Mass Fraction in the Excited Volume

106

10/28/25

53



Zaluzec - 2023 |
10° nsR
10.7sR
($) 4
(0} 10 E
¢ £ E
< 0 10.1sR
= 10° L
™ i :
1 9 r 7
% s A 1
-— 2 7’ P
= ‘ pre P
=} i -7 -1
< 10} <
100 b
0.0001 0.001 0.01 0.1 1
Au Mass Fraction in the Excited Volume
107
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MMF Improvements Improves ~ x10
-ll— Au M Integral C/nA-sec - XPAD@ 80kV
-8— Au M Integral C/nA/sec - Super X @ 80kV
5 XPAD
10 ae
- Quad
s °
10* /" ’,’ 30 mm?
(&) 7’ o e %
Q 3 7 ’,
? 10 _f -
s T
= 102 ’ ,e
C | 4 7
O s s
= ” g 'Y -
5 10 2 7
< P s
w0 -7 L7
r'd
r'd
10t 27
10° 10 10 102 10" 10°
Au MMF
108
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Instrumentation: AEM Systems
The AEM as a system
Spectral Artifacts in the AEM
Uncollimated Radiation
Systems Peaks
Artifacts at High Electron Energy
Specimen Contamination & Preparation
Optimizing Experimental Conditions
109
Zares 20T ]
Spectral Artifacts in the AEM
Uncollimated Radiation: The Hole Count
€ Electrons
“ANNN
Specimen —_— ] X-rays
Fixed
First Condensor
15000
NiK Ni4Mo Aperture
-gﬁlgﬁcz Secorzldar?:r:zensor
> 10000 - Apertures %._ Aperture
2
3
£ 5000{ MoL
Ni L Mo K
Fe K
0 J U ‘
0 5 10 15 20 ‘ l o ]
3000 Upper Objective Pole Piec e
Ni4Mo
Hole Count
oStnd C1/C2
2000 4 Apertures
.‘i" Specimen
g . and
E 1000 Goniometer Stage
Jw %‘% Objective Aperture
0 A Q Ilower Objective Pole Piec e
0 5 10 15 20
Energy (keV)
10
110
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Spectral Artifacts in the AEM
Uncollimated Radiation Solutions
_—
Electrons Electrons
%A% A%
X-rays X-rays
_ Fixed Thick Fixe d
First Candensor First Condensor
Aperture
- Aperture
&
Variable ’\’
Second Condensor Thick Vari able
Aperture Second Condensor
Aperture
S|«
- Non-Beam D efining
a Collimator
RIS
> <
] l Upper Objective Pole Piec e { Upper Objective Pole Piec e
<
<
<
7
Specimen S Specimen
~an N and
Goniometer Stage Goniometer Stage
%—% Objective Aperture % Objective Aperture
] l Lower Objective Pole Piec e l Lower Objective Pole Piec e
Zaluzec - 2023 |
Spectral Artifacts in the AEM
Hole Count Effects: Modified C1 and C2 Hole Count Effects: Modified C1 and C2 & Non-
Apertures Beam Defining Apertures
€ €
Specimen ——E  Specimen —_ ]
15000 .
NiK Ni4Mo 15000 NiK Ni4Mo
Specimen Specimen
®Thick C1/C2 *Thick C1/C2
10000+ Apertures 100004 Apertures
2 2 *Non-Beam
a K] Defining
o g Aperture
£ 5000{ Mol £ 5000{ MoL
i Mo K N
Ni L FeK Ni L FeK MoK
o A ‘ 0 U A
0 5 10 15 20 0 5 10 15 20
1000 NS 300 NidMo
Hole Count Hole Count
*Thick C1/C2 #Thick C1/C2
Apertures 200/ Apertures
2 > #Non-Beam
2 500 = Defining
o
£ £ 100
L) P—— J 0L meling u l
[} 5 10 15 20 0 5 10 15 20
Energy (keV) Energy (keV)
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Low Mag Mode vs. Mag Mode

Note the Effects of 50 keV Electrons
Entering the Detector on Background

100 _
800 LM Mode 1.TkX Spectral Artifacts in the AEM:
\ Electrons Entering the Detector
600 Mag Mode 1.5kX __| 50 kV
400 ‘
2004} Lﬂ.&.‘.‘,ﬂh e e A /
"\u\wsm YWl ¥ N
0 oo et ot i
0.0 2.0 4.0 6.0 8.0 10.0
Energy (keV) 2000 Low l:lag Mode vs. Mag Mode
LM Mod(:e 1.1kX
1600
\\>
1200
/ Mag Mode 1.5kX

800 / /
400

0.0 10.0 20.0 30.0 40.0 50.0 60.0

o
¥
N

Energy (keV)

113
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100000,
1ooonk‘ LM Mode {.1kX

T

il |

T

Spectral Artifacts in the AEM:

———

Energy (keV)

Note the Effects of 300 keV
Electrons Entering the Detector on
Background

14

E Electrons Entering the Detector
%xj Attt i 300 kV
100 MY M E
10 7 E
Mag Mode 1.5 kX F
1
0.0 4.0 8.0 12.0 16.0 20.0

Low Mag Mode vs. Mag Mode
300 kV Operation

1

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0
Energy (keV)

114
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Cu? In Steel ?
What is the source
System Peaks !
115
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This isn’t the real world

116
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Where do Systems Peaks Come from?

Al, Si, Zr,
Pb, Sn, La

New Generation of SDD's
have very large
Subtending Solid Angles

This means that scattering
which excite the local Holder, Pole Piece, XEDS Hardware

environment is also detected

117

"Zalizec - 2023

200x10°

] SiK .
: “Specimen Peaks”
150;
1 NK

100

s |0 K

ILJK CIK

0
1000

“System Peaks”

800

600 —

400—

200+

o
0 10
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B
Detection of System Peaks
Effects of the Collimator & Stage
19
119
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This is the real world
Cold Fingers

Objective Aperture Blade
Usually just below the Holder

10/28/25
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Collimators & Windows Vary

) Sold ngle

ystal o Xy source distance

121
ZaEes 2027 ]
Detection & Minimization of System Peaks
Lhane CAT KEY: 10EV/CH PRST Lnaae (NP
Kb SHGL TILT®:
F5» 18009 iABA  MEM: A FSa  1epsd
I
CURSOR <(KEY)=0E 109 CURSOR (KEY)=08 20
GE
Minimization of Stage System Peaks by use of Beryllium Gimbals
Ge specimen 10,000 in Ge Ka peak in both spectra
Left Standard Single Tilt Cu Stage, Right Be Gimbal DT Stage
22
122
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Specimen Contamination

The figure at the right shows the results of
contamination formed when a 300 kV probe is
focussed on the surface of a freshly
electropolished 304 SS TEM specimen.

The dark deposits mainly consist of hydrocarbons
which diffuse across the surface of the specimen
to the immediate vicinity of the electron probe.
The amount of the contamination is a function of
the time spent at each location. Here the time was
varied from 15 - 300 seconds.

Contamination decreases the spatial resolution
and results in other peaks (Carbon ...) detected
Plasma Cleaning with Ar, Ar/O, O, O/H gas

mixtures removes mobile hydrocarbons

Processing

«After 5 minutes

Processing

Zalizec - 2029 |
4

15 see

30 sec

60 sec
120 sec

300 sec

123
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Does this work? Pre UVC Treatment
Before After Focused Probe
Focused
Probe
600s
200/ nm
"Fresh (with mobile surface HC) Specimen ” Post Spot ModesHE Accumudation
24
124

10/28/25

62



Zazes 2023 ]
The Good, The Bad, & The Ugly
Plasma Cleaning attacks Carbon !
It will be aggressive and thus not optimal if you
want to study “carbon”
98 oo
\-« -
%‘ & B
N
~ e 2a ‘
MoSe2 on Holey Carbon ‘
25 LS, 4 - ‘
125
Zamzes 2023 ]
Technology of specimen preparation
» Coarse preparation of samples:
— Small objects (mounted on grids):
* Strew
* Spray
¢ Cleave
¢ Crush
— Disc cutter (optionally mounted on grids)
— Grinding device
* Intermediate preparation:
— Dimple grinder
» Fine preparation:
— Chemical polisher
— Electropolisher
— Ion thinning mill
» PIMS: precision milling (using SEM on very small areas (1 X 1 pm?)
+ PIPS: precision ion polishing (at 4° angle) removes surface roughness with minimum surface damage
* Beam blockers may be needed to mask epoxy or easily etched areas
— Focussed lon Beam
» FEach technique has its own disadvantages and potential artifacts
26
126
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Specimen Preparation Artifacts

Electropolishing: HCI residue

lon Milling:Redeposition of Fe,Ni, Cu from SS holder

127
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FiB & Specimen Prep

BiTex on SrTiO3

pot | H Pixel size | Def
300 kV | 14.96 nm | 539 nm

ize |Exp Mag |Spot|HT | Pixelsize |Defocus| 500 nm
1024 |25 | 7600x |8 |300kV 3.863nm 539nm Ceta

CTEM - 202212201/ 02

10/28/25
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XEDS for Elemental Compositions

3 7 e T
1S specra romsummed

Spectrum

Pixe size | Defocus| 5()nm
300kV 3863 nm 539 nm Ti 3

o from summed

Spectrum

10
Energy tkev)

2022122005- XEDS of SrTiO3
support Xstal

Intensity (kCounts)

Note: Presence of W, Ga,

10
Energy (keV)

2022122006- XEDS of Layers at Edge
29 Note: W, Ga *

129
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[Mspectra from summed
Spectrum

Intensity (kCounts)

i BELp6 BipS
0 gy sita sin oigs
2 WAys Wi

i
Energy(kev)

2022122008

Scan fov | STEM Mag | Spot
8

300 kV |125 nm | 797 kx

2022122013 - BiTe Edge + Massive W, Ga Over Layer

130
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s'Agcar;"fov TEﬁ Mé; le
1024 | 10.0 ps | 300 kV | 3.92 nm | 25.5 Mx

2022122017 - SrTiO3 ROl for XEDS Test

Zalizec - 2023

R % R %% A

2 W . ¥ W ®
Size Dwell . | T 5| Scan fov| STEM Mag| Pixel size [ CLt
688 x 512 1.00 ms | 300 kV/ 3.2 nm | 25.5 Mx__ | 7.654 pm

2022122018 - SrTiO3; Hyperspectral
Lattice Image with XEDS Overlay

131

H can fov | STEM Mag
2048 |10.0 ps |300 kV | 22.2 nm |4.51 Mx

2022122031/ 32
W and Ga interferes with ROI

Zaluzec - 2023 |

HAADF

Ti

Sr

Te

Bi

132
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Beryllium

Diamond
Plastic/Polymer
Aluminium
Titanium

Nickel

Copper
Molybdenum
Silver

Gold

Pseudo-Carbon

Diamond
Si, SiNy, SiOy

aIZec -

Support Grids and XEDS

(L]

W pep

folalalal
G

(b

Energy (keV)

133
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Specimen’s on Grids/TABS
Where is the Detector

2

i Y
¢ 5umé :
—_ -’;‘ é‘ !

Post Plasma Cleaning

134
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Geometrical Broadening dg ~ 2at o semiangle
(all probes) t  thickness
ds (cm)

Beam Broadening dg ~
(general scattering) Eo Accelerating Voltage (keV)

Z,A atomic number & wt

t thickness(cm)
625£ \/E ? pdensity (gm/cm®
A

Cc Chromatic Ab Coeff (um -> mm)

. . A BScattering semiangle (mR)
Chromatic Broadening  dc~ FC.p E—S As Energy Window/Slit Width (eV)
(EFTEM) 0 Eo Accelerating Voltage (keV)

actor 0.1 (low loss) -0.3 (high loss
F  Factor 0.1 (low loss) -0.3 (high loss)
AE A Electron Wavelength
A ) =—— 0e Mean Scattering angle
Inelastic Delocalization  d, ~ 044 - 2T, AE Energy Loss
o Electron Kinetic Energy
2/4 T , ToEl Kinetic E
o =¥Ym¢

C3=Cs
g diffract. vector
Af defocus

Image/Diffraction Delocalization dgr=|Cs(15g°+Cs 13g®+ [ Ifg| max

.
135
ZaEes 2027 ]
Analytic Formulation (Elastic Scattering - Goldstein etal 1977)
Z \/H
= = A= t32
B 625 Eo A t
b= Beam Broadening [cm] Z= Atomic Number
Eo= Accelerating Voltage [kV] p = Density [gms/cm3]
A= Atomic Weight t = Thickness [cm]
. )
d +
Element Z 10nm 50nm 100nm 500nm
Carbon 6 0.16 1.8 5.13 57.4
Aluminium 13 0.26 1.9 8.12 90.9
Copper 29 0.68 7.6 214 *
Gold 79 15.5 17.3 * *
*model invalid at higher kV and/or high scattering angles
36
136
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Spatial Resolution /Beam Spreading Monte Carlo Calculations

Aluminium Gold

137
ZaMizec = 2027 |
| |
AlAl Al Au
g
(=]
~
What about
“Atomic”
Resolution Maps?
| e - o
100 kv 400 kv 100 kv 400kV
Monte Carlo Calculations of 8 (Newbury & Myklebust -1979)
Thickness
Element Z 10nm 50nm 100nm 500nm
Carbon 6 0.22 1.9 4.1 33.0
Aluminium 13 0.41 3.0 7.6 66.4
Copper 29 0.78 5.8 17.5 244.0
Gold 79 1.71 15.0 52.2 1725.0
38
138
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10l [cabonk T ' ' ' (b)-
8 -
@ SiK
K g
JEN CuK |
0 (IENIN [NE pii (| O A O 58 I
0 2 4 8 10
X-ray Energy (keV)
Lovejoy etal. APPLIED PHYSICS LETTERS 100, 154101
(2012)
39

139
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Artifical Perovskite (ABO3) SuperlLattices
Structured Perovskites create novel ferroelectrics modes
(CaTiOs3)s / (BaTiO3)4 SrTiRuOy/ SrTiO3

Netintensity (Counts)

8
Intensity (kCounts)

Atomic Resolution HyperSpectral Elemental Profiles

with JG Wen

140

140
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288 pm I

50 pA

S — NiAI [001]

400usec/pixel
single frame

HAADF

2.4msec/pixel
6 frames

Zalizec - 2023

Atomic Channeling and
HyperSpectral Imaging

Structure Type:
Chemical Formula:
74

Space Group:
Crystal System:
a:

Cell Volume:
Asymmetric Unit:
Unit Cell:
Density:

Visible Sites:

Crystal

B— NiAl

1

Pm3m
Cubic

2.8810 A
23.913 A°

2 sites

2 sites/unit cell
5.9505 g/cm?
97

1pA-usec ~ 6.24 electrons => 50 pA @ 400 usec ~ 1.2x105 electrons
Note: this measurement was grossly oversampled @ 26pm/pixel

20210930

141

GaAs {110}

200kV /40 pA ~ 180 x 180 pixels

Zaluzec - 2023 |

330usec/pixel @ 10 frames => ~ 300msec/frame

142
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Atomic Resolution XEDS?

There is still work to be done !
Channeling is present @
Calculations are needed to interpret : ©

NB: These are NOT Chemical Maps What about O, ?
cq&L!nts

Sr-La

— Ti column

— Sr column

SrTiO, -

Sr-Ku

01 A Sr=Kj
PR PSP

0 05 ! 1.5 2 15 3 35 ‘ 5 5 55 135 " 165 5 155 16 16.5

" Energy (keV)

143
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@] <100> B <110>
g 01\ —Theory A — Expt. 3 10
2 o8 & 08
£
S 05 E 06
z H4
Z 04 Z 04
g 0:0: & § o o
g 02 oo~ E 02 o @ o
30 °
00 ST K shell e 0 o 00 ST K shell {
02 04 06 08 10 00 02 0& 06 08 10 12
Prabe Position (nm) Brobe Position (nm)
[c] [d]
_ 10 _ 10
H H
= 08 E o8
] =}
E E
3 06 & 05
g €
Z 04 2 04
g g
£ 02 £ o2
00 .S L shell | 00 St Lshell
02 04 06 08 1.0 00 02 04 08 08 10 12
Prabe Position (nm) Probe Position (nm)
e]
10 1.0
2z z
g o8 é 08
E £
5 08 T 06
8 LS
F 04 E 04
€ E
2 02 ° 2 02
- o o .
oo LTLK shell ° 0 o 00 TLK shell
02 o4 08 08 10 00 02 04 06 08 10 12
Probe Position (nm) Probe Position (nm)
o ¢ L. Allen etal
MRS Bulletin 37,47 (2012
44
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Intensity (Counts)

Choice Conditions and Line to Analyze/Measure = f(Eo, Z, ¢)

Zalizec - 2023

Copper K

Yttrium K

100 0 2 4 & 8 10 12 14 16 18 20
Energy (keV)
8010°
g» 6010°
2 Kai = 100 = M2 = 100
5w Ko = 50 = My = 50
~2-3 Ex Kpi = 15-30 =
. Kiz = 1-10 =
Kis = 6-15 =
= 35
o = 110
= 052
Ec=1 (2) =
= 13
lonization Cross-section Radiative Partition Function
145
ZamEeT=oT]

Data Analysis and Quantification

Spectral Processing
Thin Film Quantification Methods
Specimen Thickness Effects:

A € > 4 Q

Mem #0: VeloxTest-41F

NHSA Spectral Data ece

=k B

pectra from Area #1-Spectr

00000

250000

200000

Counts

150000

100000

50000

0

e Next Element. 1 Delets Lozt = 0 Qui =
32, N7, 05, Cb. G117, Fe26, Co2l, Cuzs)

learfull Ui List = Conzole
18, AT, NiZo,

1 3 3
Energy(keV)

Vaxis Max [

146
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Spectral Processing : XEDS
Simple Data Reduction

These two Gausssian peaks have the same integrals.

Zalizec - 2023

For a Gaussian Peak

+0o0 (=(E—E.)?
1(5)=f Ae 20T — VT« A

O (E )= FWHW/2.35!

Always use peak integrals (I) and never
peak amplitudes (A) for quantification

Iy _ 0141 |, A1
—_ = = i ——
I 024, Az

Ratio of Intensities # Ratio of

Amplitudes
Remember XEDS peaks vary in width with Energy
Quantification needs the Integrated Counts, not Amplitudes
.
147
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11 W s -
650 ‘ pectral Processing : XEDS l
600 : Background Modeling
1 Power Law/Parametric Fits
550 + l ‘
500—2 l Tt :
450j ‘ T 2 1
Wl E -E E,-E
wll Bgnd =¢* A| = +B|——| +C
Ei 1 t E ;
J¢ ‘. ? T
350—;f B # | q
1+ (¢ s + %
300 |y ! T
E ) : s Polynominal expansion . l
250 it i i} of Kramers Law l s :‘b
] \ .
200 | \
] ! ::
150 3 e
] L4 T
! ! 1 +
50 . ..
\ 1Very Difficult Area
1 2 3 ‘ 5 6 7 8 o 10 1" 12
48
148

10/28/25

74



Zalizec - 2023

Spectral Processing : XEDS
Simple Data Reduction — Background Modeling

oo, . o,

2012051536101, 2325, 003360

H
8

>

o % o5 1o s o s

If a simple linear fit works then use it. For higher energy regions this is generally the case.

149
Zares 20T ]
e Remove Background
e Describe Peaks as Gaussians
I(E) - A exp (ZEE )
= A exp 2052
A o(E C\= FWHM/2.35¢
E c
e Implement a Least-Squares Minimization to Theoretical
or Reference Spectra
- Linear Modeling:
Solve for best A with E¢, Og¢, as known values
- Non-Linear Modeling:
Solve for best values of A, E¢, Ogc
150
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Spectral Processing : XEDS
Curve Fitting : Linear Modeling

. o 0 O
A A 1 2 3
172 1
A -
3
E E E
1 2 3
Let Using simple matrix algebra solve for A
N ( = (Ej-Ei)? )
Gij = exp 20¥Ei2 *Fast and simple procedure

*Presumes operator knows all elements
then present

Y1 = A1*G11 + A2+G21 + A3+G31
Y2 = A1*G12 + A2+G22 + A3+G32
Y3 = A1*G13 + A2+G23 + A3+G33

* System must be calibrated
(i.e. Ec and og must be accurately known)

151
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Spectral Processing : XEDS
Curve Fitting : Linear/Non-Linear Modeling
175000 i = d =
s 0317 erls3 391t - 30308099 175000 {
o 0053 e 3y P 2 1177354 1
150000 A : o s 150000
125000 1 125000 |
» 100000 £ 100000
75000 - 75000
50000 - 50000 -
25000 25000 1
i
0 - = = 0 T T T T T T T
0.00 0.25 0.50 0.75 1.00 0.10 0.35 0.60 0.85 110 135 160 1.85
Energy (keV) Energy (keV)
Check your analysis program. Does it correctly (reasonably) fit the
data? Are the Background and Spectral Profile models correct?
Particularly important in high background & spectral overlap regions.
152
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Spectral Processing : XEDS
Curve Fitting : Non- Linear Modeling

[calculate and Minimize X2

M
N
iYR2y “(BiEl)?
X2 - ( E T) with Yk = Ak exp (Gga5 )
i=1

k=1
and yj= raw data

x2 is minimized by searching (E,o, A) parameter space

- Sequential method: mechanical iteration of each
parameter until a local minmimum
is found.

- Simplex method: simultaneous variation of all
parameters.

82
- Evaluate ﬁ and follow direction of steepest descent.

® Multiple Least Squares with Derivitive Reference

- Linearization of the above problem.
E---> E + 3E 0--> 0 + 80

v - 18 - o8 M 4 (opo L2 HUD)

Zalizec - 2023

153

* d

(m,b) plane and response surface showing
a single, arbitrary, simplex.

Figure 2.

Simplex search of Parameter Space after Fiori, NBS Special Pub. 604, 1979

Zaluzec - 2023 |
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Spectral Processing : XEDS
Digital Filtering
Background Suppression by Mathematical modeling
- Replace Data by new spectra formed by the
following linear operation.
Ww.
G(xi) = [F(x41) - 2*(w+ )* F(xg) + F(x-1)] where F(Xj) =3 f(x]')
Fir rder (T H Dig ital Filter
T,
W+ }A+
0 .. 7 e e e s
A TR
-~
w
e 80
§ 60
[}
Operator independent E, “ :
Introduces severe spectral distortion ER s
i 0
5 -20
0 10 20 30 40 50
155
ZaTeT 20T ]
Spectral Processing : XEDS
Digital Filtering
Original Spectrum
Ti Ni
Cu
CuAl J \A
Digitally Filtered
0 Energy (keV) 10
156
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Data Analysis and Quantification:
Spectral Processing
Thin Film Quantification Methods
Specimen Thickness Effects:
157
Zaluzec - 2023 |

What should also be asked/understood?

*  Whatis the Question?
. What Analysis Result is needed?
—  Qualitative
— SemiQuantitative
- Full Quantification e R
. What Resources are needed?

Did you plan the Experiment

* Is the Instrument suitable & calibrated
«  Will Standards be Needed?
«  Specimen & Standards Preparation
*  Depends on the Experiment
* Mounting, Polish, Coat, ?
*  Know your Insturment — Facts/Artifacts
«  Survey the Specimen
«  Optimize Instrument Parameters
E,, i,, Detectors......
«  Collect the Raw Data & Check for Other Artifacts
«  Attempt to Quantify
« Have you validated your protocols?
*  Are the results Sensible?

_ Cuer EMMA-4
X

ENERGY DISPERSIVE SPECTRUM

MERISTEMATIC CELL REACTED
FOR CELLULASE ACTIVITY

Figure 9. Encrgy dispersive spectrum of the final reaction product of cellulase activity (Bal, 1972;
Weavers & Bal, 1972).

158
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X-Ray Production
X-rays | _ ( X-rays\ ( Efficiency |, ( Efficiency
Detected ) = | Emitted| " | of Collection of Detection
X-rays . Fraction of X-rays
Generated which leave Specimen
1 + Fraction
X—ra)")ser G::::ted . Nllrjlrcr;g:r:t of + [ Number of | , | Generated by
er Electron Electrons Atoms Secondary
P Sources
Number of "K" Shell
lonizations « [Number of "K" X-rays |, (Fraction of Total "K"
[per Atom per ElectronJ [ per lonization j [X—rays Measured j
159
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Data Analysis and Quantification:
Quantitative Analysis Equations
For a “thin” specimen of element A
Ka Nop
[A%= {GA(E,Z)I"A(»,,\:CA{ 2 }(no t) ey Q)
Wa )
Function of
14 = Measured x-ray intensity per unit area ---
o = K™_shell ionization cross-section Eo, Z, Ex
@ = K™_shell fluorescence yield 7, Ex
r = K™_shell radiative partition function Z. Ex
w Atomic Weight zZ
N, = Avagodro's number -
P E Density Sample
C Composition (At %) Sample
t = Specimen thickness Sample
o E Incident electron flux Probe current
& Detector efficiency Ex, Detector
Q E Detector solid angle Detector
NB: no assumptions on: crystallinity, orientation, solid-state effects... ....
60
160
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Quantitative Analysis Equations (minimalistic)

For an infinitely thin specimen

Probability X-ray/atom/electron * # Atoms * # Electrons * Probably of Detection

14 = measured x-ray intensity (counts) per unit area,

Zalizec - 2023

oa (Eo, Z) = ath-shell ionization cross section e 2
E, = electrons of incident energy (),
wq = ath-shell fluorescence yield, 8
I, = ath-shell radiative partition function,
W, and C; the atomic weight the composition
Z = atomic number mém
N, = Avogadro’s number,
p = local specimen density,
t = thickness of ROI
1o = the incident electron beam current,
T = acquisition (live) time
&4 = the detector efficiency and
0, = the detector collection solid angle.
61
161
Zalizec - 2023 |
Ka Nop
IA%= J(JA(E,Z)I‘,,‘(x)A}CA{ o }(’r](, t) &4 Q)
Wi
6 = f(Eo, Z, Ex) I =f(Z Ey)
-~ 104 2 ‘
E \ O 100 | ey
o 3 -
§ mt/"\\ xg o \ ”,’
$ £ 4 4
% 10’4 ‘E 0.900 L
ERNELS W x e 2 o
,dv 10 100 1000
Accelerating Voltage (kV) o - 2% m r % 100
Atomic Number (Z)
There are no analytical models that fits all experimental data. Virtually none include solid state effects !!!
¢ - f(SDD, Ey) No - Beam Current t - Thickness
o 8 9 v
N b - 4 t
E 8 ES=D 8 B
i % = 3
] i é / g /
£ . £
° eneray o) S S i
Faradiy Cup Curont () Layors
62
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Quantitative Analysis using XEDS
Standardless Method

Invoke the Intensity Ratio Method, that is consider the ratio of x-ray lines from two
elements

Ia _ KA EAC) = Kk .1 Ca
Ig ~ XpegCs AR TE
[IXOIN N
Wa

KA €
K% = kapl (k-factor)

Ka =

This simple equation states that the relative intensity ratio of any two
characteristic x-ray lines is directly proportional to the relative composition
ratio of their elemental components multiplied by some "constants" and is
independent of thickness.

NOTE: The kag factor is not a universal constant!!

Only the ratio of x,/xg is a nominal physical constant and is
independent of the AEM system. The ratio of ex/eg is not a constant
since no two detectors are identical over their entire operational range.

Zaluzec - 2023 |
25.00 . . =
@ Experimental (Sheridan) Py
T 4 Mott & Massey' Q
1 2 Green & Cosslett' 4
5 15.00 1 = Brown'
g o "
= ] Powel
3 10.00 1 ¢ Schreiber & Wims'
4 ® Zaluzec
5.00 - :
k-Factors
j% G®EREETF
0.00 ,;@, R HE—
Experiment 10 20 30 40 50 60
\4 Atomic Number
Theory
0.40 : -
| O Mott & Masey A Powell
0.30 " m Green & Cosslett & Schreiber & Wims
0.20 1 A Brown . @ Zaluzec
5 & !
E: é 0.10 ]
5 2 000 g +10%
g &
g T -0.10
& E ]
e é -0.20 5
-0.30 |
i
-0.40 - T T
10 20 30 40 50 60
Atomic Number
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The analysis to this point has only yielded the relative compositions of the
specimen. We need one additional assumption to convert the relative intensity
ratio's (I/1}) into compositions namely:

N

EC1=1.0

i=1
One now has a set of N equations and N unknowns which be solved
algebraically solved for the individual composition values.

Thus for a simple two element system we have:

Ia 1 Ca

= Kkap
and Tg Cs

CA+ CB= 1.
or

C
Co (g, +1) =1

Solving for Cp and Cy4

(1+? (1+E*RAB)

165
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308-1 308-2
ZAULF D I G B B B

S ‘%/W/

66 | —

Wt % Iron

ea Ll 1 ] 1 1

-Commmin; /////.W/ /%f///

™yt
20 LA 1
2T T T T T T
11

w [
| I I O S I |

2

Wt %
Chromium
[

Wt%
Nickel

15 Laboratories

12 Laboratories

Vitek et al, AEM, 1984

Variation in Measured Composition on 308 SS for Different Labs /vf{

Example in which K-factor is stable : Cr, Fe, Ni
Note: Detector efficiency ~ 100% in this energy range

166
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Variation in K-factor with AEM/Detector System
Specimen: Uniform NiO film on Be Grid

80 1 1 1 1 1 1 1
|ANi'
70 e O |
:\;60
< z
c L
2 50 S, _Nio
7} e A
A
8 )
E 40
o
o
30
20 T T T T T T T
0 1 2 3 4 5 6 7 8

Lab
From: Comparison of UTW/WL X-ray Detectors on TEM/STEMs and STEMs

g

[

Cunanne Dastst Prtmer

Thomas, Charlot, Franti, Garratt-Reed, Goodhew, Joy, Lee, Ng, Plicta, Zaluzec.

Analytical Electron Microscopy-1984

Zalizec - 2023
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Determining the kag™ Factor
Experimental Measurements
Prepare thin-film standards of known composition
then measure relative intensities and solve explicitly
for the kag factor needed. Prepare a working data base.
This is the "best" method, but
- specimen composition must be verified independently
- must have a standard for every element to be studied
Theoretical Calculations
Attempt first principles calculation knowing
some fundamental parameters of the AEM system
Start with a limited number of kAB factor measurements,
then fit the AEM parameters to best match the data.
Extrapolate to systems where measurements and/or
standards do not exist.
Method 1. (Goldstein etal) Assume values for I',w,e and determine the best o to fit kas. This
procedure essentially iterates the fit of s to the data.
Method 2. (Zaluzec) Assume values for I',o,c ' determine the best ¢ to fit kas. This
procedure essentially iterates the fit of e (detector window parameters) to the data.
68
168
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Sources of values for kag Calculations

w - International Tables of Atomic Weights

T'(K) - Schreiber and Wims , X-ray Spectroscopy (1982)
Vol 11, p. 42

T'(L) - Scofield, Atomic and Nuclear Data Tables (1974)
Vol 14, #2, p. 121

® (K) - Bambynek etal, Rev. Mod. Physics, Vol 44, p. 716
Freund, X-ray Spectrometry, (1975) Vol 4, p.90

(L) - Krause, J. Phys. Chem. Ref. Data (1974) Vol 8,
p.307

o(Eo) - Inokuti, Rev. Mod. Physics, 43, No. 3,297 (1971)
- Goldstein etal, SEM 1, 315, (1977)
- Chapman etal, X-ray Spectrometry, 12,153,(1983)
- Rez, X-ray Spectrometry, 13, 55, (1984)
- Egerton, Ultramicroscopy, 4, 169, (1969)
- Zaluzec, AEM-1984, San Fran. Press. 279, (1984)

e (E) - Use mass absorption coefficients from:
-Thinh and Leroux; X-ray Spect. (1979), 8, p. 963
-Henke and Ebsiu, Adv. in X-ray Analysis,17, (1974)
-Holton and Zaluzec, AEM-1984, San Fran Press,353,(1984)

169
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Quantitative Analysis using XEDS
Standards based Method

Invoke the Intensity Ratio Method, that is consider the ratio of x-ray lines from the same
element in both the Unknown and a Standard

Unknown v, U U U U
I A — CAT’ p tp — U CA
Iitandard CS s .S,S N Cj

Anptp

This simple equation states that the relative intensity ratio of the same
characteristic x-ray lines is directly proportional to the relative
composition ratio of the elemental components multiplied by a
proportionality factor which, in the thin film approximation, is
dependent upon , p, t and n

U
NOTE: The Kg factor also is not a universal constant, and requires

an accurate measurement/determination of density, thickness and
beam current.

Zaluzec — Analytical Electron Microscopy 1981
San Franciscio Press (1981) pg 47-53
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Quantitative Analysis using XEDS
€ =factor Method

Rearrange the Intensity Equation

N
[Ko= {OA(E,Z)rAmA}CA{V\;’:’}{m t) er @)

Recognize

o - 1w, g
(GA(E’Z)FA('UA)(CANO)(not)(gAQ) (C@

With

¢, - Y,
Y (0, (E,2)T,0,)(N,)(e,2

M. Watanabe & D.B. Williams, J. Microsc. 221 (2006) 89-109.

171
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@ C-Factor Method
LEHIGH
t=¢ Ia Features
For element A: P A CaD. - Specimen composition and
)/ thickness at the individual
For element B: pt = (;B —E point can be determined
CBDe simultaneously only from
In binary system: CA + CB =1 X-ray intensities.
« X-ray absorption correction
Thickness: EC,-’; can be incorporated.
Pt = D « Simultaneous estimation of
. e spatial resolution and analytical
Composition: sensitivity (MMF & MDM).
Ca = Cala _ Cala
A pt ZCI Measurement of beam current
1] is required for the D, term.
D,: total number of incident electrons
M. Watanabe & D.B. Williams, J. Microsc. 221 (2006) 89-109.
Q M. Watanabe 2013
172
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Quantification Procedure in C-Factor Method

Measured X-ray intensities: I, lg, .., [, ... Iy
Acquisition parameters: D, = N/t

Calculate initial mass thickness and compositions:

e

L4 I
-3 g
1 He

2

I

Calculate corrections terms:
(Wp)}? ptcoseca

" 1-exp[-(Wp)} pl coseca]

|

Calculate mass thickness and compositions:

NCJ
°{=lecbiv Cy=lalafa g - LA
e
; A ; A
Check convergence No
Yes

Final mass thickness and compositions: pt, C,

» Specimen composition and
thickness at the individual
point can be determined
simultaneously only from
X-ray intensities.

« X-ray absorption correction
can be incorporated.

Measurement of beam current
is required for the D, term.

M. Watanabe & D.B. Williams,
J. Microsc. 221 (2006) 89-109.

LEHIGH

M. Watanabe 2013

Zalizec - 2023
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g (aVéHBe03 T T Experimental ¢ factors
S 2000 [srenionny .
}:; 2000 |0 aured o ] Notice ¢ is Instrument Dependent
& @ estimated o*
1 L]
S o°®
3 )
i 1000 | o ]
<
S -~
B z (b) JEOL JEM-2010F
5 [ J S T T T T 1 OgBOOO‘MKCV,AwaEDs
[ O measured
0 5 10 15 ‘? @ est ul ]
X=ray energy (keV) E
s 6000 .l
g ® |
g i ®
2 ®
© 4000 )
2 o®
b e ® 1
g
8 2000 - 1
U B e A L0
0 5 10 15
X=ray energy (keV)
M. Watanabe & D.B. Williams, J. Microsc. 221 (2006) 89-109.
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@ Power of {-Factor Method
- LEHIGH
ADF-STEM Fe P thickness
(X-Fe Fe3P X Rt
50nm i) 100
(at%)
Spatial resolution Number of P
(atoms)
75 M. Watanabe 2013
175
ZaTizeT 2007 ]
Quantitative Analysis using XEDS
Specimen Thickness Effects
For finite thickness specimens, what is a thin film?
R . . Nop
The Thin Film Approximation I \oA(E Z)FA(DA}CAI 11110 t}{ N Q}
No Energy loss lWA 1
No X-ray absorption, t
No X-ray fluorescence
—E\ Idi
é 10‘ v
a, * by {ln(cK *bl:‘%)—ln(l—b’z)—ﬂz} §
O = P 10 E
Ty * Ex %
1 4 1 , 8 ]
3 qo
/;:% % Id; ? Alum(nlum o 40t '0
VI Y
ak, b, ck, Ex => f(Z) ’dr 10 100 1000
Accelerating Voltage (kV)
76
176
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s dE . )
Consider the mean energy loss of a electron beam (a ) going through a film of
thickness = "t". Let s = electron pathlength (~thickness) then (Inokuti -1971):
dE  we*NopZ 2ETE
== _ _ _r2
ds WE 1 [”(12(1-52) ) -2 m(2)\(1-p2)
1-y1-p2)2
+ 1-p2 + (+) }
with the following new definitions
1
E= 5 moc2p. Tg=evy, J=9.29 x 1037 (1 + 1.287 Z-2/3)
Calculated Energy Losses (eV) as a function of pathlength
Voltage Pathlength Al Ni
100 kV 100 nm 87 255
400 nm 349 1020
300 kv 100 nm 51 150
400 nm 203 60
.. For conventional specimen thicknesses used in AEM, the
effect of energy loss on characteristic x-ray production is
negligible.
77
177
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VVHENNSHNEISPECIMEN AN,
* No Electron Energy loss [(Q.1) = I exo[-Xot (D) dQ
* No X-ray absorption ( ’ ) ff 0 p[ p( )]d
* No X-ray fluorescence e
T (photoelectric absorption:
photoslectrons, X-ray
photons)
lo |
";‘;‘::1“‘ attenuated beam
G (Compton scattering)
H=1+0C
where u =bulk mass absorption coefficient,
7 = photoel ectric absorption coefficient,
o =Compton scattenng coefficient.
1= Io e'“p'
where Il =1mitial intensity (cps),
1 = final intensity (cps),
= bulk mass absorption coefficient of the material (em¥/g),
p = density of the material (g/em?),
and t =thickness onfthe matenal (em) Eneray
78
178

10/28/25

89



Zalizec - 2023

QuantitativerATal ySISRISTE X e SEPABSO P IONNEOTTceiion

Consider simple absorption model for x-rays leaving the specimen
0 to

1= [To(t) exp (-u*d) dt = [To(t) exp (xpt) dt

0 0

e-

Electron
Incidence

Angle

Detector
Elevation OF
Angle

Parallel Slab Geometry

d = Absorption Pathlength from the specimen to detector
sin(B)
cos(B-0g)
= Geometrical factor multiplied by average mass absorption
coefficient for the measured x-ray line in the compound
C (B xin . _sin@
P/ Spec.  cos(B-6g)

(%) Xin Weighted average mass absorption coefficient

Spec.
< (8] & v - Where is the XEDS detector?
T 2 ol (1 (Note: composition dependent) Are there multiple detectors?
- What is the Geometry to each?

i=1

179
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QuanitativerANal ySTSISTHESXEHD SEADSOIP HONNCOTCCHON:

Consider simple absorption model for x-rays leaving the specimen
to to
I= [Io(t) exp (-u*d) dt = [ Io(t) exp (-xpt) dt
0 0

e-

Electron
Incidence

Angle
B

Detector
Elevation OF
Angle

Parallel Slab Geometry

d = Absorption Pathlength from the specimen to detector
sin(B)
cos(p-6g)
% = Geometrical factor multiplied by average mass absorption
coefficient for the measured x-ray line in the compound
B) Xin , _sin(p)
= \p/ spec. * “cos(p-6g)

(%) gpl:c' = Weighted average mass absorption coefficient

Where is the XEDS detector?
Are there multiple detectors?
i=1 o What is the Geometry to each?

= E (%)l + Cj (Note: composition dependent!)

180
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Now rederive the standardless equations to include absorption.
I_A 8_A * KA * 6A * CA

I & Xs 8 (Cp &,

with \<
Elevation O

B in
m A (1- explpra)
B A (1- expapt)ie”

o=

BIE

* sin(B)
t to “cos(p-6g)
N

X = (%) é:::)l;oil:‘nd = E(%)l * G
i=1
ﬁ = Electron Incidence Angle => B + a
= Function of Stage Tilts: §x,(y, & Detector Azimuth @,
O = Detector Elevation Angle

Define the Thin Film approximation: Xpt* < 0.1

81

181
ZaTzee 2077 ]
X-ray Absorption A(t,a, ) for parallel slab film geometry with a “Point Detector”
& - o , »
ta, d sin(a
4 A(,ga,gb_)=g=f exp|-& *p*t* !
. W 1, 0 Pl cos(a-0,)
\ e D
/)/
Thickness, geometry and p/p are all important parameters
g ool ; ; ; ; -
05 Alcin NiAl Ge=40 3 Fmmasmeed Nix in NiAl /
- 400 = 4
200l 6e = 30 Oe = 40
N 0e=20 —
SREYS - 300 ]
g = OO
100} 0e=10 — 0 ]
500 6e=5 100 1
0 6E=0 e i B 6e=0
0 100 200 300 400 500 0 100 200 300 400 500
Thickness (nm) Thickness (nm)
pAtKe = 3432 PNKe=59 5 pyiai= 5.17 0°<0e<40° o =90°p=0°
82
182
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Variation of Absorption Correction Factor ACF with 6, o, B

‘
Alt,a.0,)= [ exp

M
S8 | p

ACF =22 | s
AB E

Pla

//

e PP

Know/Control your Geometry

0E=20B=40a=
50

BE=20B =0 a =90

0E=0 B=0 =90

8
_H
P

|

kg sin(or) }/r
" cos(a—0;)
§ 5 sin(o)
_exp|=HY xS
l—exp[_x‘fs*p*d] ) 7“; . 1-exp Pl P tcos(a—ﬁr)
1-exp[-xl}, *p*d]) | uf’ | exp| ¥ ' sy S
Plis Pl cos(a—0,)
1.0 T T T T T
—
0.8 /
0.6 Tit=p |
L
o 50 40
< 0.4 60 30 4
70 20
0.2 80 10 ]
90 0
0.0 L " L
0 10 20 30 40 50 60
O (degrees)

t=200 nm pAtke = 3432 pNa=59.5 pniai= 5.17

183
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ACEF for parallel slab film geometry with a “Point Detector”

O = 150

84

0.2

0.0
0

EALKa= 1,48, ENKa= 7.48, yAlka = 3170,

A A g o
A A 1-exp|-4] = xS }
—exp|-y|° *p* _
ACF=‘1'?= p:ﬂ # ! exp[ X‘AB P d] = pgu * Plas cos(a-0;)
A m a
| ] l—exp[—x‘m *p*d] | 1—exp _H %kt sin(cr)
Plas Plas Plus cos(a-6;)

ACF is thickness and geometry dependent!

0E =150

rTilt
=B 4 B =20

100 200 300 400 500

Thickness (nm)

uNiKa=60  pnia=4.8

184
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ACF for parallel slab film geometry with a “Point Detector”

.o
ACF =8 -
"

*['-ew[-%\ﬁ»*ﬂ*d]}

Ifexp[fx‘:g *p*d]

1-exp -4

’ ¥y sin(a) }

" cos(a-6,)

n
ulo, . sin(a)
1-exp|-& *p*¢
exp[ P e cos(a—H,)}

g |+
B

lan AB

ACF is also materials and energy dependent!

Zalizec - 2023

w/p is material and energy dependent! , [ ! NiCu
Nickel 0 =15 N
0 p =200
z o =700
2 W\ 0.8F
§ 10 W NiMo
1 S
£ . < Energy
g 10 (keV)
‘EL NiAl
g 10* ]\\
|
E
10'
6 10 12 NiO
Energy (keV) 1 1 1
200 300 400 500
Thickness (nm)
185
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Thin Film approximation: Xpt* < 0.1
£
£
o
0
o
c
x
Q0
£
T T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50
T <p
86
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A(t,a, 6) for parallel slab film geometry with a “Finite Detector”
There is no “point detector”
187
ZaTzee 2077 ]
A(t,a, 6) for parallel slab film geometry with a “Finite Detector”
Y ‘ al” sin(ar)
Alt,0,0,) = B e SIMA)
(t,0,0,) f“exp ol P tcos(afl'}L) It
e\ i [N
o, 0, L Il
\ \ 3 0l /ﬂm A(t,a,0,,A0)= ! *} fH‘EX —EB * */7‘“"((1) 0t
bt o 6-6,) 57| el P costa=0,)
20 200
Nik in NiO Nik in NiAl Tik in NiTi
150 150 0
< Oxin Nio Al in NiAl Nik in NiTi
50 /’_’_’/ 50 50 ~
o 0 0
0 50 100 150 200 50 00 50 200 0 50 100 150 00
Thickness (nm)
Tika = NiKaz -
1OKa = 12619 PNKa=49 2 pnini= 3.62 ALKe = 3432 NKa=59 5 pia= 5.17 W =178 PES143 - prn=6.19
0 =18° ABE =10-25° =90
88
188
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A(t,a, 6) for parallel slab film geometry with a “Finite Detector”
) ¢ u i sin(or)
Alt,0.,6,) = B e 22
) (t,a,0,) fn exp R P tcos(a-e,_.) it
/- I
0 6 L Wl
Lol Alt,ct.0,.00) = e S@ il
[T . 0,-6, 0l cos(a—0,)
: : : : : . ool : : : : -
250 . oe=40 — 1 . 0e = 40
Alk in NiAl P Nik in NiAl
0e =30 400f 1
200 — 1
= 0E=20 —— 300l 1
E 150 ]
<
100 0e=10 1% ]
50 Oe=5 ] 1001 ]
0 OE=0 0 e=0
6 160 2(‘70 360 400 560 6 1[‘]0 260 360 460 560
Thickness (nm)
WAL = 3432 |NKA=5Q.5 puia= 5.17 a=90°B=0° 0s5A0E=<40
189
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A(t,a, 6) for parallel slab film geometry with a “Finite Detector”
B .
B A(I,a,(-?E)=fdexp = *IL(“) It
0 Pl cos(a-0,)
/" LN
o, 0, L i
U I 5
\ Ul peso 1 < por u sin(a)
- A(t,0,6,,,A0) = * B SR g
\ g ﬂ (t,a,0,,A0) [6276,) {[fv‘ exp ol P ,Cos((x*ﬂL) 't
200 200
Nik in NiO Nik in NiAl Tik in NiTi
150 150 =
3 Oxin NiO Alk in NiAl ) Nik in NiTi
50 /_/_’/ 50 50 ~
0 0 0
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Thickness (nm)
Tika = Nika = 6.
1OKa = 12619 PNKa=49 2 pnini= 3.62 ALKe = 3432 NKa=59 5 pia= 5.17 W =178 PES143 - prn=6.19
0 =18° ABE =10-25° =90
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ACF for parallel slab film geometry with a “Finite Detector”

Zalizec - 2023

4 o )
sin(a)
“ " i 1fexp[7ﬁ #pr, @
ACFG.a6,)- 2 -| A |- ool oy o)) B |« A vl
.0, = : T "
D Y I = ] | Y 1exp| 4]+ peg_sin@
C Pl Pl Pl cos(@-6,)
D " )
expl L peg_sintc)
. L ol © costa=0y)
/ i ACF(1,0,6,.06,) = *[J""iﬁ"«w,]:( ! )*J’f Pl L hi,de
t Il 85y 0,-6,] % % ul . sin(@)
& 8 L - exp| -4 JELLC .
i ol © o=,
NN
v
i . "
Ll : 7 R I AR
X ACF(r,a.s,,Aeﬁw[ ! )*[f":iyde,.}:( ! )* L |4 f] a e,
0,-6,] [0 8}, 0,-6,) | ul" | % ' sin(a)
= I-exp|-— *p*1—————
W Pl ol 7 eosta-6,)
10 10 o .
= o NioO . NiAl ] o NiTi
=9
= 7
W = 0 0.6 08
O W
< O o 04 04
<
02 02 02
0.0 0.0 0.
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Thickness (nm)
oK = 12619 uNK=49.2 pui= 3.62 pAKe = 3432 UNK=50.5 pi= 5.17 W' =178 YNe=143  pua=6.19
6E=18° AGE=10-25° o =90
91
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ACEF for parallel slab film geometry with a “Finite Detector”

poKe = 12619 pN2=49.2 pnin= 3.62

0e = 18° AOE=10-25° =90

Thickness (nm)

pALKe = 3432 UNKa=59 5 pia= 5.17

! , » )
u “ I—exp| 2| *px,S@
5| 1-exp|-x[" *p*dl|| |7 cos(a—0,)
ACF(I‘aﬂr,Fz#‘ Ll *{ [ ‘:" i Lo |- P -
I I p
W | | (1-ew[-l, pd]) | u e ,ﬁ‘ < oS0
{ Ply Pl Pla ~ cos(@=6;)
) .
exp| A */7‘(‘“((1; )
o o cos(a-6,
/ i ACF(t.0,0,.00,) [L]*[f' %”«IOFH ! J*ff = 0,di
: T o-0) ool ) oa) LA T, L s
0, o, L i exp|——| —
Ul w oy © costa-6,)
\ d I ﬂ Bes0-a
i
it " o )
et o pr[,ﬁ i)
" » osa-6,
b Acr(m,e,Aa,%[H leHﬁ %«lﬁ;]{s '6 )* Ll | - * e,
=6, o O T | PR P
Pl Pl © cos@=0,)
10 | 10 -
= o NiO |, NiAl o NiTi
=1
Ll\ t 06 06 0.6
O W
< g 04 04 04
02 02 02
00 : 00
0 50 100 150 200 0 50 100 50 200 0 50 100 150 200

pmke =178 pNKa=143  pia= 6.19
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Effect of Tilting Specimen on Absorption
High
\\ &
%
LN -__-.x.-—"
-“'—-K
,,___i><;
\* Low
-
| |
e 45
i
\ Intermediate
o\—
o ————————
X ¢r' ; *:'w ' ‘A. o°
+ ¢' . o';'¢'l ﬂ;*.-“’
LU Wt UL TR
0 1 | L 1 1 1 1 L Il 1 PR U S T |
) [ % 18 0 - » [ ] [ ]
< (decrees)
For a plane parallel slab specimen, tilting has the effect
of increasing the Specimen Thickness.
Different Detector/Specimen Geometries will enhance/reduce
the Absorption Effects
193
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In the "real" world few specimens have the shape used to
derive this correction. Next consider two representative geometries:
Symmetric Wedge Geometry:
Electron
€ Incidence
% Angle
B-a2
Detector
Elevation 95
Angle
[0}
e- Electron
Incidence
% Angle
Detector ﬁ + o2
Elevation 9E
Angle
Replace all B's by B + a/2. where a is the wedge angle of the specimen
+a/2 variant applies when the detector is positioned such that the
pathlength increases relative to the parallel slab model
-a/2 variant applies when the detector is positioned such that the
pathlength decreases relative to the parallel slab model
94
194
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. . . c e *
Thin Film approximation: xpt < 0. 1
£
E
"
"
o
c
x
L
£
-
! T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50
t* <50
95
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Path 2 Path 1
0
14 —|
Glitz etal (MAS-1981)
Attempt a Wedge Model Correction using previous formulae.
Path #1 Path #2
Ini INi
m =2.64 m =518
Thin Film Model =509 Thin Film Model Y=756
Al=39.1 Al=254
Parallel Slab =433 Parallel Slab Ni=603
Al=547 Al=395
Wedge Model Ni =306 Wedge Model Ni =426
Al=494 Al=574
% ptNj=0.016 % pt Ni = 0.081
% pt Al =0.925 % ptAl=4.24
Absorption Correction has limited applications keep x pt<1
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Quantitative Analysis using XEDS
Specimen Thickness Effects
For finite thickness specimens, what is a thin film?
Previous Assumptions:
Energy loss,
X-ray absorption,
No X-ray fluorescence —
T (photoelectric absorption:
photoelectrons, X-ray
photons)
lo |
incident attenuated beam
beam
G (Compton scattering)
I=1p Pt
where Io =initial intensity (cps),
I = final intensity (cps ).
1t = bulk mass absorption coefficient of the material (ecm?/g),
p= density of thematerial (g/em?),
andt =thickness onf the matenal (em)
.
ZaTizeT 2007 ]
X-Ray Fluorescence Correction
10000
=
k3
S
gKa § 1000
’ 8
> =
- / s
i) é 100
Z 1]
w ’ 8
= =
= W——%—%—%¢ ¢ 10 1z 14
A Energy (KeV)
O D
1,' X/,
LKL
éKubs qubs 1K<:|bs
A B [
ENERGY —>
Measured __ Electron XRF by B
1N =1, + 1,
XRE by B
Measured Electron A
IA = IA ( 1+ 1 Electron )
A
98
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Calculation of the Intensity of Io x-rays due to fluorescence by Ig

(RF by B uB . uB Ap
AIAXRFDY B _[p e [exp ('(T)AB pZ coseco ) ] . [p(.A (T)A coscc(¢)] . [(T)A] . [m,.\.r,_\]

dlAXRF by B _ I QPAXRF by B dz do

uB Fraction of B x-rays that are
[CXI’ ('(‘_))AB p z coseco ) ] absorbed in the material AB on
leaving at angle ¢ from depth z

B Probability that B x-rays are
[P(‘A (;_HACOSCC(‘?)] absorbed by atoms of type A
An Probability that upon absorption
(FOa the K-Shell is ionized for A
Probability that a Ka x-ray is
["’A'FA] emitted

Now integrate this over the specimen geometry ¢=4x, T=thickness

4n 4x

T T
l‘_\XRF:J JdIpXRE _ J [ 15 ¢PAXRE dz dg
0 0
0 0

199
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Substituting for Ig and dividing by Ia and generalizing to element i
4n
T Ry . T
5 XRE DY i . AN Qi Ap .
I =Ci o Ti ﬁ ()__\ l_ll)A L‘T)Ai (f) (terms in Exp & cosec ¢) dz d¢
0
Solution depends on the geometric assumptions
(see for example Twigg & Fraser MAS, 1982)
I, XRF by i N AN Qi Aw w o pT ul pT ul
o GioinTig o Goa ,\7[1-12 + (F)asty - ln((;T):\n-PT) 1
for a plane parallel slab specimen
XRF by i
. A
Defineya = ( 1 + 1 Frecton )
A
i=1
00
200
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Next rederive the standardless equations to include x-ray fluorescence
and you can show.
In _ea ka8, va Ca
I & X8 O Y8 (Cp
as in the case of x-ray absorption this requires iterative solution because
the ratio of Y's are composition dependent..
When is the XRF Correction important?
e When fluorescing line is near the absorption edge of the lower energy
line. Typically within a few atomic numbers (i.e. Z+2 to Z+6)
e When specimen is thick or path length is long
Define a thin film approximation for XRF as:
[ XREDY i
A
[ Fecwon < 0.05
A
. AN QA iopT i T i
Ci i Ti z- Q_I\(TF)A (%)A%[l.lz + (%),—\1‘%— ln((%)m.pT) ] <0.05
201
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Examples Absorption & Fluorescence Corrections
Assume 100KV, B84 =909 8 = 200 = 359, cc = 00 ie. tilted parallel slab
Ni 90%, Fe 107%
Calculation of Thin Film approximation Xpt => 1.25pm for Fe in the Alloy
-". for TEM specimens we can almost always ignore absorption effects
What about XRF?
XRF by Ni
Let T = 50004 Tmem= 0.103 i.e. 107
Fe
XEF by Ni
Let T = 10004 ;—em—ﬁ 0.028 i.e. 2.8%
Fe
-"« for TEM specimens we may be affected by XRF
P02
202
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Specimen Homogenity
In this and all other derivations we have assumed that over the excited volume, as well as
along th exiting pathlength, the specimen is homogeneous in composition. If this assumption is
invalid, one must reformulate the absorption correction and take into account changes in : p/p, p,
and t along the exiting pathlength.
Effects of Beam Broadening
Parallel Slab Model: No Change in absorption pathlength
Wedge Model: There is a correction the magnitude of
which varies with the wedge angle.

Effects of Irregular Surface

This cannot be analytically modeled but must be understood!

. \

203
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Additional Topics

Heterogeneous Specimens
Composition Profiles
Electron Channeling
Spectral Imaging
Radiation Damage

204
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ZaTizes 2027 ]

All quantitative analysis equations were derived assuming

that the specimen is homogeneous over the exited volume

Application of the these equations to heterogenous
specimens effectively averages the composition over the
excited volume.
o
05
205
ZaTzee 2077 ]
Edge of Damage Zone g ~ 0 loops in contrast, bubbles present

06
206
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XEDS Spectra from Bubbles 20220430-Ni/Zr

PicoProbe
300kV
200pA

100Lsec
~ 2 nm probe

[T

- B [T
e

2022043036 2022043034 N 2022043030
Matrix ~5 nm Bubble ~20 nm Bubble

Kr K, Ky

Kr K, Kg

e

— Kr/Ni = 0.003
D7E
207
— T aw
2021110611 -HEA - CrMnFeCoNi = - 104
{110} Zone = Matrix Above Loop i«
Edge on 1/3 <111> Loop Raw Data W |

Net intensity (Counts)
Intensity (kCounts)

9.6

o
T T T T T 94
0 10 2 0% ) 50
Position (nm)
= Edge On [111]Loop ., [™
50| Raw Data [

Net intensity (Counts)

Co Ni enriched - Mn Depleted,

05—
-
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Grain Boundary Segregation

x

L L L e A O |
w2 A (b)

al Cr 7
*.—‘\4\\ ,l-':—:
s

-t

':f:.” Fe
-9-—-'0/' \!\k’}“l-@

-n
o - I il 1 1 | ¢ | ! I_
-200 +200 -200 +200

=

Distance (nm)

09
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C(xy) = C(xy,2)* d(x,y,2)

C*(x,y) = Apparent profile measured
C(x,y,z) = Actual composition profile
d(x,y,z) = Incident beam profile

* = Convolution operator
F,F-1 = Fourier and Inverse Fourier Transforms
In the 2 dimensional limit one can deconvolute the measured profile using:
C(xy) = F-l{iFF{C*""y’}
{deoy)}

Realistically, it is better to decrease the probe diameter and specimen thickness

211
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High Angular Resolution (Momentum Resolved)
Electron Channeling X-ray/Electron Spectroscopy

Incident beam
ki with
convergence

212
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Electron Channeling Induced X-ray Emission

Characteristic X-ray Emission is not truly
isotropic in crystalline materials!

Original Observations of Effect

— Duncumb ‘62, Hall ‘66, Cherns etal ‘73
Predicted Applications

—  Cowley ‘64, ‘70
ACHEMI Technique -

— Tafto ‘79, Spence & Tafto ‘83
Multi-Variate Statistical Analysis -

— Rossouw etal , Anderson and others

late80’-90" s

2200 .

2000 £ s ]
P

1800[ Ao 1

x 3

1600

1400 -

A
*’:t‘>>¢4

1200 L
_2 -
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High Angular Resolution Electron Channeling X-ray Spectroscopy
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ZaTzee 2007 ]
& 4 Orientation Dependence
in Homogeneous Alloys
|2
% ’ 316 SS
4
800 . 5 T T
—A—Ee}}(( i ,
700 b | Rk 1 L : 1
600 |- r- 1“ v !u!l i “‘d
500 [ »}M y ] 4t B
400 | 1 a5l ]
3 H . u
200 1 f \ i |
25 —
o N 4o (=R
0 B DU :
-3 -2 -1 0 1 2 3 3 2 1 0 1 2 3
g 9
p15
215
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Applications in Ordered Systems
Shared Occupation Axis
% wﬁ-{ﬁﬁ
9 e
16
216
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Applications in Ordered Systems
Independent Occupation Axis

NiAl <100>

17

280 T T T T

—eo— AIK-10um

—=— NiK-10 um I

400

350

300

aIZec -

217

NiK/AIK Intensity Ratio

3

Compare Ni/AL <110>/<100>

TaIIZEC -

—eo—<100>
—a—<110>
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NiAl {110} Zone Bend Contour

219
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| Y 26 T T T T

Ni/AI - <110>

Integrated (Counts)
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MgAl,O, - Spinel

Space Group O’ (Fd3m)

Mg (8) - 64 tetrahedral sites
Al (16) - 32 octahedral sites
O (32) - nearly cubic lattice
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Irradiation Studies of Spinel
MgAl,O,

1MeV Ne into MgAl 10‘

0.3
0.25
< o2 %»’ \%
H §
3 & o
g o015 %
g jf o
8§ o1 .
= f o
0.05 s %
o

0 2000 4000 6000 8000 110° 1.210°
DEPTH (A)

T.Soeda, S. Matsumura (Kyushu Univ.) &

L. Rehn, N. Zaluzec (ANL)

MgAI204 Cross-Section
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Undamaged

Perfect Spinel (Calculated)

100% Mg on Tetrahedral Site
PrePeak 100% Al on Octahedral Sites
Damaged

Mg 100% Al 0%
1.4 T T T T T
Normal
Peak
Damage
s
24
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% X on Tetrahedral Site
15 Mg 61% Al 11%
. T 1.5 T T T
14t n=10 3 14 F Al
1.3 b Unirradiated Al 1 13k simulated ——Mg| ]
1.2 | E
1.1 F E
10 E
09 E
0.8 | E .
0.7 L L L L L . | \ \ .
K /0 0.7 -4 -2 0 2 4
X g400 kx/g400
Mg 39% Al 19%
1.5 ‘ 1.5 w ‘ ‘
T4E n=10 . E aE simulated il\AAI 1
1.3 b Irradiated with 1 MeV Ne 1 1.3 F +Og E
1.2 ¢
11 E
1E
09 F
0.8 ¢ E
07 b 07 b
) ) k /g
k9400 X' 7400
25
225
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ALCHEMI
Atom Location by CHanneling EMIssion
Tafto & Spence - Science 1982
: : R T
(Mgo.90Fen.10Nip.004Mn.002)25104
Note: Mn prefers Si Sites and Ni prefers Mg Sites
26
226
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Anamolous X-ray Peaks
10000 —
s000_| 200 kV
6000; o(E) is wrong
1 f(E) doesn’t make sense
4000 — : : :
2000j
° o 2 4 é é 1‘0
10000
1 200 kV
120 kV
80 kV
f(E) varies with kV
T T T T T T T
2 4 6 8 10
227
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Coherent Bremmstrahlung
Reese, Spence, Yamamoto
Phil Mag, 1984, 49 697-716 _ ¢ = heB/ L(1~cos 0). 3)
For an interatomic spacing in dngstroms, and ¢ in
keV, this becomes
Counts m

. e=12-4 B/L(1-B cos 6). ()

Cu

Fig. 1. Kilovolt electron traversing a thin crystal containing inclined
planes g. Here L,  and n are defined. An energy-dispersive
X-ray spectrometer is indicated (EDS).

228
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Coherent Bremsstrahlung

NiO {001}

NiK

g00-| NiL

e e e B e i et S

1.0 15 2.0 25 3.0 3.5 4.0 45 5.0

229
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Coherent Bremsstrahlung variation with orientation
200 kV
Zone Axis / Slightly off Zone Axis

1600 —
1400 ;
1200 ;
1000 —
800 ]
600 %

400 U

200 :
0
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Significant amount of data is generated in SI Expt’s

o
i

2| 134 [ 524M

BEED
i 1 20

231
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Significant amount of time is required in SI Expt’s
E .
nerf Y Temporally Resolved Multi-Frame
HyperSpectral Imaging
Position/Angle Is the new modality
e
ped
@P‘“ / XY 2 2 2 2
?° e t 128° | 256 | 512 |1024
= %
P
gy Tus | 16ms |65ms | 0.26s | 1.05s
E1 [ ] Z g
e i 2%
= /,;" ims | 16s | 655 | 44 | 17.5
E3 V] min min
LB
B4 [1] ..,,/"’/I—’ 1s | ~45 | ~18 ~3 | ~12
" —2 —/’/" hrs hrs days | days
EEEEE_ ¢
S — 1 mi ~11 ~1.5 ~6 ~2
En min days | mnths | mnths yrs
0.1 msec/pixel 1.0 msec/pixel 10.0 msec/pixel 33.3 msec/pixel
32
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Spectrum Imaging J

SiK
L1LY

Energy

233
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Three Dimensional Spectrum Imaging Profiles
Using the ANL AAEM System
Y AAEM ADF image
XY SHices Along E Axis Yieid
Composition Distributions
" Cu Distribution
Line Scans along the Energy Axis Yield Complete Spectral Profifes
34
234
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+ o Ene Aluminium Silié;m
Potassium Titanium Cobalt
Tungsten Electron Image
2535
Zaluzec - 2023 |

Elemental Redistribution in Xenopus Cortical Compartments

John F. Seeler, Ajay Sharma, Nestor J. Zaluzec, Reiner Bleher, Barry Lai, Emma G. Schultz, Brian M. Hoffman, Carole LaBonne, Teresa K. Woodruff,
Thomas V. O’Halloran

.
e . .
.
. o*
° 5 r
o ®
b o
S K ..'o
. ' .
2w o o' o,

200 kV, Hyperspectral Imaging

RT — Cryo-Tomo-Be- XEDS Holder

~100 pA/MultiFrame/Drift Corrected/
Temporally resolved / 719 frames

~ 20 nm probe ~ 400 psec/pixel low dose

~ total DAQ/pixel ~ 300 msec/pixel

Metal Ion Fluxes Controlling Amphibian Fertilization;
JF. Seeler etal Nature Chemistry volume 13, pages 683-691 (2021)

Zn Elemental changes in egg vesicles correlate with biological
processes

236
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lll-nitride nanopyramid LEDs

oo

GaL
© Gak

Nl Sik  In,
: I /* Cuy ‘
! : : : A
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lll-nitride nanopyramid LEDs

ey oy
IHINEE
W

STEM 59, Ga

239

24/41

1K x 1K Hyperspectral Images

Extraction : HAADF, Gay, In;, Nk, Sik

+ 609 @ 3% increments dual axis tilt series
5 minutes / frame ~7 hrs ~ 20 Gb

200 kV, 1 n A @ 160kX t~150 nm

FIB X-section & Plasma Cleaned !
Alignment via cross-correlation
Reconstruction via SIRT

240
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lll-nitride nanopyramid LEDs

-

Tomographic reconstruction using Inspect 3D
1K x 1K Hyperspectral Images
HAADF, Gak, Int, Nk, Sik

+60° @ 3% increments dual axis tilt series
5 minutes / frame ~ 7 hrs ~ 20 Gb

200 kV, 1 nA @ 160kX

FIB X-section & Plasma Cleaned !

241
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XEDS Hyperspectral Imaging

in Materials XEDS Hyperspectral Imaging of Soft Matter

using Position Tagged Spectroscopy (x.y,E.t)

T
** Ferritin on Sil

- 9 g
ol U |

Intersty (Cous)

]

Area #2'

500 nm

12 3 45 6 7

Energy (keV)
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A:Integrated Specra X

TaIIZEC -

Inensity (kCounts)

Area

Size Dwell | H Scan fov| STEM Mag | Pixel size | CL Spot | Screen | Defocus 10
218x374 | 400 s | 300KV | 249 nm | 402k | 485.9pm | 7Smm |8 | 101 pA | -203 nm Energy (ke)

[~ T——

Spectrum

10/28/25
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Intensity (kCounts)

Energy (keV)

[ spectra from Area #1

Spectrum
Background
Modeled

Residual

245

Intensity (Counts)

Energy (keV)

[ spectra from Area #1
Spectrum
Background
Modeled

Residua
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Intensity (Counts)

25
Energy (keV)

[ spectra from Area #1
Spectrum
[l spectafrom Aea 22

Spectrum

246
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The Microanalyst’s Bane :

Electron Radiation Damage & Contamination

Knock-on / Displacement Damage
* Mainly due to Elastic Scattering with Nucleus
*  Metals / Semiconductors / Ceramics /
« Crystalline
*  Amorphous
«  Threshold Energy exists and varies with Materials
* Increases with Beam Energy
«  Temperature dependence exists but is variable with Material
«  Sputtering / Melting are associated variants
* Dose Dependent

Radiolysis / lonization Damage
*  Mainly due to Inelastic Events with electron shells
*  Most prominent in Organics, i.e. bond breakage
Decreases with Increasing Beam Energy
Very low Threshold for the onset (< 1 keV)
Some Evidence of decrease with specimen cooling
Dose Dependent

Zalizec - 2023

/N Rutile
A 7L
ﬁ/ \/ Damaged

Si dary Electron D
«  Emission of secondary’s from inelastic scattering events
« Increases radiolysis by additional low energy events
«  Also causes charging
« Dielectric breakdowns
«  Coulomb explosion
« Charging issues ( drift, beam deflection ...... )
HydroCarbon Contamination Mitigation
« Cryogenic operations
* Plasma Cleaning
+ UVC Cleaning

247

Radiation Damage in Hard AND Soft Materials

Atomic Displacement Sputtering Melting

S

Sodium Phosphate

48

| Polystyrene =
{ Before =
‘ ‘t After i™
[ / A é‘ -
(HEET B hl) !
v e

/ o | -

) o

"Zalizec - 2023

Amorphization

Radiation Damage to Organic
and Inorganic Specimens
Ray Egerton ;

Micron V119 73-87 (2019)

248
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- Polyamide Filtration Nanomembranes .
g Hyperspectral Imaging + Spatial Temporal Event Spectroscopy (X,Y,E,t) b R
ThermoFischer/FEI Dual X ~ 2 sR
At =1 msec/pixel At =33 msec/pixel
249
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Position Tagged Spectroscopy (X,Y,S; 1)

Temporally Resolved HyperSpectral Imaging
Polyamide Membrane

0.1 msec/pixel 1.0 msec/pixel 10.0 msec/pixel 33.3 msec/pixel

Cu Ka ROI temporally resolved HSI after 0.1, 1, 10, and 33.3
msec/pixel

Dose Fractionization = Multiple Frames * Short Times
PTS => store all the data as a function of (X,Y,S; 7) !

250
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Polyamide (PA) Filtration Nanomembranes

Hyperspectral Imaging with Spatial /Temporal Event Spectroscopy (X,Y,E,t)

Localization of Heavy Metals to
Site specific Membrane features

At=0 At = 33 msec/pixel

Distribution of heavy metal adsorbates on the PA film demonstrates an interplay between nanoscale film structure, and film- solute
interactions, which may serve as a connection between the physicochemical properties of solutes and their filtration behavior.

ACS Appl. Mater. Interfaces 2019, 11, 8517-8526

- Xiaohui Song, John W. Smith, Juyeong Kim, Nestor J. Zaluzec ,Wenxiang Chen
o1 Hyosung An, Jordan M. Dennison David G. Cahill, Matthew A. Kulzick and Qian Chen,

251
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DAQ/SW: - NHSA

252
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Nanotechnology, particularly with the usage of nanoparticles, has led to promising results in cancer
diagnosis and treatment. Gaining insights into the interactions between nanomaterials and subcellular
structures is crucial prior to their wide application in-vivo

9/17 (2021103009-5kx-A=p00 DF-0)

Nanomaterial interactions within HelLa Cancer Cells

253
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BRO |
. [ spectra from Area #1
20211032921 - 5kx Spectrum

DF-0 mode

Intensity (kCounts)

7
Energy (keV)

Challenge: the detection of
biologically relevant transitional
metals such as Fe, Zn, Cu, Ni
and/or other heavy metals such as
Hg and Se to further reveal their
pathological significance and
impacts in complex biological
systems.

54
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Environments: in-situ, growth processes and hard/soft materials

Materials behave differently in growth environments - understanding growth processes,
especially self-assembly via organic or bio, presents a challenge for traditional
Transmission/Scanning Electron Microscopy which operate under high vacuum conditions

Key Challenges:

¢ In-situ observation of growth processes - at atomic resolution in Media

¢ In-situ (Gaseous/Liquid) high-spatial resolution chemical analysis

¢ Dynamics - Fast detection schemes, detectors, and sources

¢ In-Situ Operando Microscopy => Environmental EM / Environmental Cell §}

255
ZaTizee 2027 )
Hyperspectral Imaging in Liquids & Gases @ 1 ATM @ Temperature
In Situ Metallurgical Studies
Characterization of nanoparticles in liquids i MnS Inclusion Dissolution in Water
1
1
1
: In Air, 1 atm
1
1
1
1 2 hr. in H,0
1
0 F |
wE 1
2 : 24 hr. in H,0)
5 |
1
| =
limenite reduction by hydrogen |
1
FeTiOysoic) + Hargas) > Fe(soiametan + TIO2s0i) + H2Ovapor | Pd/Cu NP Catalysts on
I TiO2
I Calcined vs Reduced
I 0.7 atmH2
1
1
1
1
1
1
1
1
1
1
. Collaborative work with Manchester & BP
256
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t 1
NiO —=In| -
A 1,
NaCl Structure 1w
L A(NiO)290ky ~ 101.7 nm
Single Crystal > Egorton & Cheng Uiramicroscopy
Ar Ton Milled g .. Volume 21, Issue 3, 1987, Pages 231-244
Variable Thickness -
*FEI Tecnai Osiris sow
*200kV
*X-FEG
*XEDS: Super X "
*EELS: FS-1 E o B3
DT Be Stage Energy Loss (V)
a0
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S0t
z 2w
g 1 Nic
£ 2w V!
1510
1010 b
s? sorr \ }’-
) T 2m i o 000 ’ e 100
Enery (eV) B a0 70 o a0 000
Energy Loss (eV)
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N, Boron Nitride Nickel Oxide
g H Ni £l o [
£ £ « £ « " H
3 H 3 9, H
i ™ i <l 1|3
H g : H
2 H S H
-
200 400 600 800 1000 500 1000 1500 2000
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XEDS: Variation in Signal and Signal/Bgnd
- Nic =101 =175
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Variation in X-ray Intensity with Thickness Variation in X-ray Intensity Ratio with Thickness Variation in X-ray Peak/Background with Thickness
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Zalizec - 2023

Simultaneous XEDS/EELS —
Nickel Oxide Single Crystal
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0.17 0.53 5.8 10.3
61 with M. Garbrecht @ UofSydney
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Nickel Oxide Single Crystal
Simultaneous XEDS/EELS Normalized @ Pre-Ok Bgnd
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Lua 1+ B) * (7)
62 XEDS has a measureable advantage
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Thanks

Questions?
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