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5E61 aluminum alloy: Al-6Mg-0.9Mn-0.07Zr-0.2Er (wt.%) 

Mg, Mn,Er Zr 
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Micro-Analytical Capabilities
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Williams & Carter 
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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

MgMnEr
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Atomic Layer Deposition /  MnOx:TiOx with AlOx spacers

1 msec/pixel !!!

Si
AlOx

MnOx / TiOx

Mn

Ti

1 ML    2ML 4ML    6ML        8ML
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Schematic Diagram Illustrating Sources of 
Signals Resulting from Inelastic Scattering
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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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Characteristic X-ray Line Energy    =   E final - E initial

  

\ X-ray line energies are unique. 

Ka1   =  100  La1   =   100     Ma1,2  =  100
Ka2  =  50  La2   =   50      Mb    =  50
Kb1  =  15-30 Lb1   =   50 
Kb2  =  1-10  Lb2   =   20
Kb3  =  6-15  Lb3   =   1-6
  Lb4   =   3-5
  Lg1   =   1-10
  Lg3   =   0.5-2
  Lh    =   1
  Li    =   1-3

Relative Energies and  Intensities of Major X-ray Lines

Nomenclature Relative Intensity

Ka1,2  –  K shell
Kb1-4  –  K shell

La1,2  - mainly L3

Lb1    - mainly L2

Lb2    - mainly L3
Lb3,4  - mainly L1

Lg1     - mainly L2

Lh     - mainly L2

Ma1,2 - mainly M5

Mb1   - mainly M4

Mg1,3  - mainly M3

Line -  Ionized Shell 

11

Zaluzec - 2023

12

TEM XEDS Spectroscopy

Y1Ba2Cu3O7-x Superconductor – 200 kV - UTW Detector

20181614121086420

Energy (keV)

Oxygen K
Barium M
Copper L
Yttrium L

Barium L Copper K Yttrium K

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.

Characteristic X-Ray Spectrum 
Illustrating KLM lines 

12



10/28/25

7

Zaluzec - 2023

13

Electron Excitation also generates Continuum
(background) signal
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Energy Range - Continuous Distribution

 Maximum  = Incident Electron Energy (Least Frequent)
 Minimum  =  E plasmon~ 15-30 eV (Most Frequent)

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

Εo0 Photon Energy
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Be 
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Oxygen K
Barium M
Copper L
Yttrium L Barium L Copper K Yttrium K

Electron Excitation of Continuum (Background) Intensity

  Spectral background will be influenced by:
  1.) Specimen composition
  2.) Detector efficiency
  3.) TEM generated artifacts
  4.)  Channeling in crystalline materials

20181614121086420

Energy (keV)
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1

1 0
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LM Mode 1.1kX
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Energy (keV)

Low Mag Mode vs. Mag Mode
300 kV Operation 
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Instrumentation: Detector Systems

  Wavelength Dispersive Spectrometers (WDS)
  Energy Dispersive Spectrometers (EDS)
   Si(Li) Detectors
   HPGe Detectors
   Spectral Artifacts of the EDS System
   Detector Efficiency Functions
   Light Element Detectors
 Superconducting Calorimeters/Bolometers
 Silicon Drift Detectors
 
 Multichannel Analyzers
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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
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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

20
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WDS system in a TEM 
EMMA-4 System

Circa 1972
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CCD

Grating

TEM

Y. Ito  NIU Physics

Enery (eV)

Diamond C K-emission spectrum

Modern Applications WDS
 Valence Band/Electronic 
Structure Measurements

M. Terauchi , M. Kawana – Tohoku University
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WDS Spectrum
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EDS Spectrum
NBS glass K252

Energy

Comparison of EDS and WDS Spectra
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Parameter  Wavelength Dispersive Energy Dispersive

Construction  Mechanical Device  Solid State
   moving components  no moving parts
Energy Resolution  5 eV   130 eV
Efficiency   < 30 %   100 % (3-10keV)
Input Count Rate  30-50 K cps  10 K cps
Peak/Background*  10000   100
Atomic Number Range Z > 4 (Be)   Z > 11 (Na) 
       Z > 5 (B)
Number of Elements 1 per Detector  All in Energy Range

Solid Angle  0.001-0.01 sR  0.02- π sR
Collection Time  Tens of Minutes  Minutes
Beam Current  High Stability Required Low Stability Required
Detector  Stability  Good Short Term  Excellent
Spectral Artifacts  Neglegible  Important
Operation   Skilled (?)  Novice

* Values depend on definition,  specimen, and operating conditions

Comparison of EDS and WDS Spectrometers

24
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Energy Dispersive Detectors

Si(Li)  vs SDD

SDD

Si(Li) 
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Environmental Housing

Basic Construction of  Si(Li)  Detectors
 

FET

Si(Li) 

6 mm

LN2 “Finger”

Window
LN2

Dewar 

6 mm

26
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Cut Silicon
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Intrinsic Boundaries

•P-type Silicon high conductivity due to 
impurities (usually Boron); Lithium acts as a 
compensating dopant neutralizing the Si 
giving it a high resisitivity.

• 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 
electrons & holes to become mobile under 
application of a potential bias across the 
crystal

Si(Li) Crystals
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Silicon Drift Detectors 

Peltier
Cooler

Heat
Sink

Window

Environmental
Housing

Collimator
SDD Chip

5 -20 mm

28
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Silicon Drift Detector

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

~ 0.3 mm

PN Sensor 
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How is the X-ray Signal 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, e = 3.8 eV/e-h pair) 

  => 10 kV X-ray produces ~2630 electrons 
 = 4.2 x 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 µsec        
      SDD ~ 100’s nsec to a  few µsec

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. 

30
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t = 0.38 µm

Support Bar
Area

 ~ 20-30%
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Windowless vs. Conventional Detectors

0.00

0.20

0.40

0.60

0.80

1.00

0 2 4 6 8 10

Windowless
XEDS Detector

Beryllium Window 
XEDS Detector

Ni L

Energy (keV)

O K

Ni K

N
or

m
al

iz
ed

 In
te

ns
ity

 (A
rb

. U
ni

ts
)

1980’s

Be K

O K
Al K

2020’sBe

O
Al

C

34



10/28/25

18

Zaluzec - 2023

35

35

Zaluzec - 2023

36

Detector Resolution & Facts/Artifacts

∆𝐸!"#$= 	 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐	𝑁𝑜𝑖𝑠𝑒%+2.35%	𝜖	𝐹	𝐸

Detector Facts/Artifacts
• Resolution = f (E, DAQ, TC)
• Spectral Overlap = f (E, Resolution, DAQ, TC)
• Sum Peaks  = f (Count rate,E, TC)
• Escape Peaks = f (Counts,E, Geometry)
• Distortion Tails = f ( E, DAQ)
• Microphonics = f (Environment)

Nominal FWHM Values in Modern  Silicon X-ray  Detectors:

O Ka (0.52 keV) =   60 to 100 eV
Mn Ka (5.9 keV)  = 120 to 160 eV
Mo Ka (17.5 keV)  = 210 to 230 eV

36
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Resolution vs Energy & Processing Time Constant

Voltage Step height accuracy = f (time to do the measurement)

Processing Time

0 0.5 1 1.5 2 2.5

0.5 usec

2.0 usec

16.0 usec

C
ou

nt
s 

Energy (keV)DVoltage (step height)= f (X-ray Energy)

Measurement  Data Display 
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Operation of the Multi-Channel Analyzer

Adapted from Gedcke, 1972

Live Time   vs  Dead Time

38
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1982

Courtesy of Dale Newbury

Spectral Resolution Limitations -> Peak Overlaps

Low & Medium Z Spectral   Overlaps Medium & High Z  Spectral  Overlaps

Resolution Limitations -> Spectral Overlap -> Identification Issues

40
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A. Sandborg - EDAX

Better Resolution Requires  a Different X-ray Technology 
XEDS vs WDS Spectra
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Zaluzec -  early 1980s

42
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Resolution will also vary with 
Microphonic & Electronic Noise, IR/Visible Light!

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
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Incomplete Charge Collection in Solid State Detectors : Low Energy Tails

Most prominent at low energy Lines
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ENi -1.74keV

N
i E

S
C

Example of “Artifacts” 
 Escape Peaks =  f (Energy) 

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 = dE
 which excite the Si x-rays 
  EK =1.74keV
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FeKa S @ 2 x 6.4  @  12.8 keV

FeKa Esc @ 4.66 keV

100 kcps

FeKa @  6.39 

Example of Artifacts -- Sum Peaks  f (Count Rate)

Detectors are 
sensitive to energy
deposited NOT 
individual x-rays

At high count
rate multiple 
x-rays can  be
in the detector
at the same 
measurement 
interval

46



10/28/25

24

Zaluzec - 2023

47

1 kcps

FeKa S @12.8 keV
FeKa Esc @4.66 keV

Sum Peaks Decreases
with Count Rate
but Escape Peak Percentage
remains nominally the same

Example of Sum Peaks = f (Count Rate)
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Specimen/Detector Geometry
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CM200 Normalized vs Energy (keV)
CM30   Normalized vs Energy (keV)
Tecnai  Normalized vs Energy (keV)
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ANL CM200 – SDD - Windowless
ANL TecnaiF20 - Si(Li) - SUTW

ANL CM30   - Si(Li) - SUTW

Eo - 200 kV
t ~ 65 nm

T= 100 Lsec
i ~ 0.5-0.8 nA

All Nominally 30 mm2

Spectra are normalized to measured
beam current  using in-situ faraday cup

Ni Ka  in NiO

Direct Detector Comparisons  Collection Geometry Also Matters

N.J. Zaluzec 
Measurement of X-ray Detector Solid Angles in the AEM

Proceedings of AMAS XII , Univ. of Technology Sydney, Sydney, Austriala  Feb 2013

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

 
Iα = σα (Eo,Z ) iΓα iωα{ } i

CZ i No i ρ
WZ

⎧
⎨
⎩

⎫
⎬
⎭
iξo i t i εα i

Ω
4π

⎧
⎨
⎩

⎫
⎬
⎭

Specimen/Detector 
Geometry

Detectors are customized to fit 
in the “gap” Inbetween the  
Objective  Lens Pole Pieces 
and  collect x-rays from the 
specimen which hit their active 
area. Many geometries are 
now possible.

Relative Detector Collection Efficiency 
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Pole Piece Configurations & Sizes

300 kV

1.2 MV 

Large Gap
~ 8 - 10 mm

Typical 
Gap  

~ 4-6 mm
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Geometries Vary

θ E

e-

Specimen Eucentric
Height

52
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Detector/Specimen Geometry

TEM 

Designation            Elevation           Azimuthal   
                Angle qE    Angle qA   
   

Low      0o  45o 
                     0o  90o  
Intermediate 5 - 30o  90o, 45o 
      
High  68-72o  0o  

qE

qA

53
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http://zaluzec.com/NJZTools Zaluzec  Microscopy & Microanalysis  2014 

Detector/Specimen Geometry – Collection Solid Angle 
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Zaluzec - Microscopy & Microanalysis ,15, 93-98, 2009
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Holder Tilted  20o

Holder Tilt  0o

Conventional Geometry
30 vs 100 mm2  

Holder Penumbra

When a > q  then holder penumbra 
will definitely  shadow

30 mm Round Detector
R ~ 12.0  q ~ 18 a ~ 6.9  
Dr=11.4,Dz=3.75
W30 =  0.175 sR 

100mm Square Detector
R ~ 13.1  q ~ 8.75 a~ 20.1 
Dr=13,Dz=2
W100 =>  0.248   -> 0.475 sR
i.e. W varies with tilt as the penumbra changes  

q
a
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Comparisons of Performance
Test Specimen: Ge on SiNx

Protocol  for  XEDS System Penumbra Measurements: 
Zaluzec etal Microsc. Microanal. 22 (Suppl 3), 2016, 278-279 

Ge/SiNx Specimen : http://www.temwindows.com/category_s/55.htm
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Single Detector
Detector Arrays

XPAD
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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?

0

50

100

150

200

250

300×103

1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2
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Holder Tilted  20o

Holder Tilt  0o

Conventional Geometry
30 vs 100 mm2  

Holder Penumbra

When a > q  then holder penumbra 
will definitely  shadow

30 mm Round Detector
R ~ 12.0  q ~ 18 a ~ 6.9  
Dr=11.4,Dz=3.75
W30 =  0.175 sR 

100mm Square Detector
R ~ 13.1  q ~ 8.75 a~ 20.1 
Dr=13,Dz=2
W100 =>  0.248   -> 0.475 sR
i.e. W varies with tilt as the penumbra changes  

q
a
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To estimate Penumbra of your Specimen Holder

http://tpm.amc.anl.gov/NJZTools/XEDSSolidAngle.html
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Modeling the Variation of Solid Angle
f ( Detector Position &  Holder Geometry)

1

2

34
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Ge Ka Intensity Ge Ka Intensity * cos(b)

t*=t/cos(b)

b

t

e-

Standard Test Specimen Ge/SiN  and Experimental Procedure

5o
5o

G
e 

K
a

 In
te

ns
ity

Full Solid Angle reached only after passing the arrowed  transistion point .  
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3mm 500 µm 5µm

Ge
SiNx

Si

FIB Cross-section

20 nm
Ge

SiNx

Si

Germanium on SiNx

See Poster # 6  - A Ge/SiNx Standard for Evaluating the Performance of  X-ray Detectors in the SEM, S/TEM and AEM
                                       Nestor J. Zaluzec, Jon-Paul DesOrmeaux , James Roussie 
, 

• No Cu grid bars to confuse any measurements
• Holes  allow beam current without removing the holder
• No crystalline channelling effects to complicate interpretation
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Experimental Single 30 mm2 Round SDD Detector
 Tecnai F20 / Standard DTBe Holder

Standard DTBe Holder
& Conventional SDD
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30 mm2

100 mm280 mm260 mm2

Example 6 Different Instruments (2 Manufacturers) & Detectors (5 Manufacturers) 
Notice Penumbra Differences  

30 mm2

Ownership/Manufacturers  Intentionally Obscured
Vertical Scales are NOT identical

30 mm2
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Detailed Example
Quad Super X Detector(s)

Detector Sum Four Individual Detectors

Notice subtle differences these are real G
e 

K
a 

* 
C

os
(T

ilt
)/n

A
/L

se
c
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Absolute Comparisons of Different Geometries

Dual X / Super X / Single SDD

G
e 

Ka
 * 

C
os

(T
ilt

)/n
A/

Ls
ec

Dual  /  Quad  / Single   

Specimen Holder Tilt

Penumbra of the specimen holder is also a limiting factor for  XEDS
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Heavy Metal Segregation  - Polyamide Nanomembranes  

Cu Zn

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

Sub-Angstrom  Imaging in Photocatalysts in Thylakoids 

Single Pt Atoms

Pt NanoCrystals

Ru Catalyst Clusters  on Ce Oxide

In Real Time 
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Heterogenous Catalysis
“Atomic” Sensitivity at Site Specific Locations

How do we maximize analytical sensitivity?
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Spectroscopic Detectability Limits
Signal in the Presence of Background

∆I	
I	
>

2.33

I.%
I + 𝐵

∆I	 > 	2.33 ∗ σ = 2.33 ∗ I + B

Student T-test Criterion  

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

if B <<I   or I << B  or we can define the minimum detectable  mass & mass  fractional as:   

MDM ~ ".$$
%	

MMF ~ 8.99

:	∗ '
(

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
detector technologies. 

Both cases you want to maximize I and minimize I/B
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Minimum Detectable Mass

Minimum Mass Fraction 

k  = Constant  … 2.33 (Student T-test)

 Ix = Characteristic (Peak) Signal   from  X

 (Ix /Bx ) = Peak to Background ratio for  X

 ηo = Incident electron flux

 Jo = Incident electron current density

 d = Probe diameter
  
 τ = Analysis time

MDM ~ k
Ix ⋅ηo ⋅τ

=
k

Ix ⋅ Jo ⋅d
2 ⋅τ

(1)

MMF ~ k

Ix ⋅
Ix
Bx

$

%
&

'

(
)⋅ηo ⋅τ

=
k

Ix ⋅
Ix
Bx

$

%
&

'

(
)⋅ Jo ⋅d

2 ⋅τ

(2)

Detectability is  Based on a Signal Measurement
Ix = f  ( Z,  Eo , t ,  ho , t ,  e , W , q …)
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MDM ~ 8.99:	

4π  sR

Theoretical Maximum

~ 2.5 p sR

Eliminate Pole Piece Volume

> p+ sR

Eliminate Specimen Holder
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∆S	 > 	2.33 ∗ σ	 = 2.33	 ∗ M	Counts = 2.33 ∗ S + B   (T-test Criterion)

Minimum Detectable Limit (MDL)

Criterion – 95% confidence limits in the change  ⇒( Student T test p=0.02) 
Assume  Poisson Counting Statistics Apply to Signal ⇒ σ	Error = 	Measured	Counts

76
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∆S	 > 	2.33 ∗ σ	 = 2.33	 ∗ M	Counts = 2.33 ∗ S + B   (T-test Criterion)

Minimum Detectable Limit (MDL)

Criterion – 95% confidence limits in the change  ⇒( Student T test p=0.02) 
Assume  Poisson Counting Statistics Apply to Signal ⇒ σ	Error = 	Measured	Counts

∆𝑆& >	 2.33 * S' + B'
 

∆S'	
S'

>
2.33

S)
%

S) + B)

To minimize    ⇒   must maximize (P, P/B, !o , ", #, !) 

∆>(	
>(

 = 
8.99

>(
)(
*(

	 S = P * "o*!"#"𝛺 ⇒   MDF/MDN/MDM  ~  ".$$	+
∗

,	∗ *
( ∗!+∗.∗/∗0

P= N*Q*$*f , !o = beam current, "=time, #= detection efficiency 𝛺= collection efficiency
k* = term which depends upon measurement ( Bulk = 1.2, Thin=1, …..)

In the limit where  SA<< BA 

(may not always be valid!) 
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Minimum Detectable Mass

Minimum Mass Fraction 

k  = Constant  … ( ~ 3) 
 Ix = Characteristic (Peak) Signal   from  X

 (Ix /Bx ) = Peak to Background ratio for  X

 ηo = Incident electron flux

 Jo = Incident electron current density

 d = Probe diameter
  
 τ = Analysis time

MDM ~ k
Ix ⋅ηo ⋅τ

=
k

Ix ⋅ Jo ⋅d
2 ⋅τ

(1)

MMF ~ k

Ix ⋅
Ix
Bx

$

%
&

'

(
)⋅ηo ⋅τ

=
k

Ix ⋅
Ix
Bx

$

%
&

'

(
)⋅ Jo ⋅d

2 ⋅τ

(2)

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

Detectability is  Based on a Signal Measurement
Ix = f  ( Z,  Eo , t ,  ho , t ,  e , W , q …)
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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

HyperSpectral Image Carbide Precipitates in Type 709 Steel
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Lovejoy etal.  APPLIED PHYSICS LETTERS 100, 154101 
(2012)
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10usec/pixel   = 2.6 sec full frame

Quad Actual Data
All others Scaled to Detector Collection Solid Angles

10 nm

~ 0.2 sR ~ 0.7 sR

~ 1.9 sR > p sR

PdCaTiCeZr

Automotive PGM  Catalysts 

 
Iα = σα (Eo,Z ) iΓα iωα{ } i

CZ i No i ρ
WZ

⎧
⎨
⎩

⎫
⎬
⎭
iξo i t i εα i

Ω
4π

⎧
⎨
⎩

⎫
⎬
⎭
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Minimum Detectable Mass

Minimum Mass Fraction 

k  = Constant  … 2.33 (Student T-test)

 Ix = Characteristic (Peak) Signal   from  X

 (Ix /Bx ) = Peak to Background ratio for  X

 ηo = Incident electron flux

 Jo = Incident electron current density

 d = Probe diameter
  
 τ = Analysis time

MDM ~ k
Ix ⋅ηo ⋅τ

=
k

Ix ⋅ Jo ⋅d
2 ⋅τ

(1)

MMF ~ k

Ix ⋅
Ix
Bx

$

%
&

'

(
)⋅ηo ⋅τ

=
k

Ix ⋅
Ix
Bx

$

%
&

'

(
)⋅ Jo ⋅d

2 ⋅τ

(2)

Detectability is  Based on a Signal Measurement
Ix = f  ( Z,  Eo , t ,  ho , t ,  e , W , q …)
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Minimum Detectable Mass

Minimum Mass Fraction 

k  = Constant  … 

 Ix = Characteristic (Peak) Signal   from  X

 (Ix /Bx ) = Peak to Background ratio for  X

 ηo = Incident electron flux

 Jo = Incident electron current density

 d = Probe diameter
  
 τ = Analysis time

Detectability Limits

MDM ~ k
Ix ⋅ηo ⋅τ

=
k

Ix ⋅ Jo ⋅d
2 ⋅τ

(1)

MMF ~ k

Ix ⋅
Ix
Bx

$

%
&

'

(
)⋅ηo ⋅τ

=
k

Ix ⋅
Ix
Bx

$

%
&

'

(
)⋅ Jo ⋅d

2 ⋅τ

(2)
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Ia  = measured x-ray intensity (counts) per unit area, 
sa (Eo, Z) =  ath-shell ionization cross section 
Eo  = electrons of incident energy (),  
wa  = ath-shell fluorescence yield, 
Ga =  ath-shell radiative partition function, 
Wz  and CZ the atomic weight the composition
t = thickness  
Z = atomic number
No =  Avogadro’s number, 
r = local specimen density,  
xo  = h0*t the incident electron flux,  
ea = the detector efficiency and 
Wa = the detector collection solid angle. 

 
Iα = σα (Eo,Z ) iΓα iωα{ } i

CZ i No i ρ
WZ

⎧
⎨
⎩

⎫
⎬
⎭
iξo i t i εα i

Ω
4π

⎧
⎨
⎩

⎫
⎬
⎭

Characteristic X-ray Emission from a “thin film” 
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Experimental Measurements   Ge Test specimen
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Is it Linear???

In
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ity

 G
e 

Ka
/s
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In
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e 

Ka
/s

ec

1

12

3

2

2 µm 0

t/l Map

ANL CM200
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Si(Li) vs SDD
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Relative Detector
Efficiency

87

Zaluzec - 2023

88

IBgnd =Bremsstrahlung intensity 
Eo = incident electron energy (), 
f =  observation angle  
EBgnd , dEBgnd the continuum x-ray energy being measured  and 
its window
Ii, Ij = continuum radiation components 

 
IBgnd φ,Eo,EBgnd ,Z,...( ) = Iφ i

Cz i No i ρ
WZ

⎧
⎨
⎩

⎫
⎬
⎭
iξo i t i εBgnd i

dEBgnd i dφ
EBgnd

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

 

Iφ= Ii i
sin2(φ)

[1− β i cos(φ)4 ]
⎧
⎨
⎩

⎫
⎬
⎭
+ I j i 1+

cos2(φ)
[1− β i cos(φ)]4

⎧
⎨
⎩

⎫
⎬
⎭

Ii , I j ⇒ f (Z,Eo,EBgnd ,....), β = v
c

Sommerfeld, 1931; Scherzer, 1932, Motz and Placious, 1958 

Bremsstrahlung Emission due to electron excitation

Note: Traditional 
Detector Elevation Angle 
qE = f -90
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Calculations  for Ni

Bremsstrahlung at fixed Background Energy window (7.48 keV) vs Eo 
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Variation of Background with Detector Elevation Angle

Calculations  for Ni
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Variation of Background with Elevation Angle
Corrected for Detector Efficiency

Calculations  for Ni
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Calculations  for Ni
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Calculations  for Ni

94



10/28/25

48

Zaluzec - 2023

95

Experimental
Calculated
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Experimental  Measurements  
Ge test specimen

Ge K%

Ge Bgnd

Experimental
Calculated
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MDM ~ k
Ix ⋅ηo ⋅τ

=
k

Ix ⋅ Jo ⋅d
2 ⋅τ

(1)

MMF ~ k

Ix ⋅
Ix
Bx

$

%
&

'

(
)⋅ηo ⋅τ

=
k

Ix ⋅
Ix
Bx

$

%
&

'

(
)⋅ Jo ⋅d

2 ⋅τ

(2)

MDM MMF

Experimental 
Variation with Eo

MDM ~ k
Ix ⋅ηo ⋅τ

=
k

Ix ⋅ Jo ⋅d
2 ⋅τ

(1)

MMF ~ k

Ix ⋅
Ix
Bx

$

%
&

'

(
)⋅ηo ⋅τ

=
k

Ix ⋅
Ix
Bx

$

%
&

'

(
)⋅ Jo ⋅d

2 ⋅τ

(2)
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Visualizing & Measuring  Minimum Mass Fraction

1000 Å
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D = 1670 nm

SiNx  (C, O, Al, Cl) 
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DAu/DSiN=20/1380nm = 1/69
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10 sec 100 sec

1000 sec 5000 sec

1 sec

DSiN /DAu=1380/20nm = 69
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DSiN /DAu=92/20 nm = 4.6

SiK=196.6K AuM=52.7K AuL=29K Au M/L = 1.82
SiK/AuM = 3.73
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Si   ~ 8.4 x 10-14 gms
Au ~ 1.2 x 10-16 gms 20170724 Au-SiNx

Au M

Measuring Minimum Detectable Mass

Single Au NP on SiNx(OYClz)
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0.1 sR

0.7 sR

p sR
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MMF Improvements  Improves ~ x10 

Quad 
30 mm2

XPAD
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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
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Thick Vari a b l e
Second Cond e n s o r

A p e r t u r e

Thick Fixe d 
First Cond ensor 

A p e r t u r e

Specimen
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Goniometer Stage

Upper Objective Pole Piec e

Objective Aperture

Lower Objective Pole Piec e

Non-Beam D e f i n i n g
C o l l i m a t o r

X-rays
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Spectral Artifacts in the AEM
Uncollimated Radiation Solutions
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0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

0.0 2.0 4.0 6.0 8.0 10.0

Energy (keV)

Low Mag Mode vs. Mag Mode

LM Mode 1.1kX

Mag Mode 1.5kX

Spectral Artifacts in the AEM: 
Electrons Entering the Detector

50 kV
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Note the Effects of 50 keV Electrons 
Entering the Detector on Background
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Note the Effects of 300 keV 
Electrons Entering the Detector on 
Background

Spectral Artifacts in the AEM: 
Electrons Entering the Detector

300 kV
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Cu? In Steel ?
What is the source

System Peaks !

115
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This isn’t the real world
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New Generation of SDD’s 
have very large

Subtending Solid Angles

This means that scattering 
which excite  the  local 

environment is also detected

C, Fe, 
Co, Pt

Al, Cu, 
Ti, Mo

Al, Si, Zr, 
Pb, Sn, La

C, Fe, Co, Pt

Cu, Sn, Mo,…

Holder, Pole Piece, XEDS Hardware

Al, Si, Zr 
Pb, Sn, La

Where do Systems Peaks Come from?
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Detection of System Peaks
 Effects of the Collimator & Stage
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This is the real world 

Objective Aperture Blade
Usually just below the Holder

Cold Fingers

Holder
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d

d

Collimators & Windows  Vary
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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

Detection & Minimization of System Peaks
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• 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

 

Specimen Contamination 

15 sec 

30 sec 

60 sec 

120 sec 

300 sec 

4
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Does this work?  Pre UVC Treatment  

10s    30s     60s     180s     600s

”Fresh (with mobile surface HC) Specimen ”           Post  Spot Mode HC Accumulation 

Focused 
Probe

Zaluzec - August 2022

Before  After Focused Probe 
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The Good, The Bad, &  The Ugly 

Plasma Cleaning attacks Carbon !
It will  be aggressive  and thus not optimal if you 
want to study “carbon”

MoSe2 on Holey Carbon

Increasing Plasma Cleaning 
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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 μm2)
• 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 Ion Beam 

• Each technique has its own disadvantages and potential artifacts
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Specimen Preparation Artifacts

Electropolishing: HCl  residue

Ion Milling:Redeposition of Fe,Ni, Cu from SS holder
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FiB  & Specimen Prep

CTEM - 202212201 / 02

BiTex on SrTiO3
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2022122006-  XEDS of Layers at Edge
Note: W , Ga ^

2022122005-  XEDS of SrTiO3

support Xstal

Note: Presence of W, Ga, 

XEDS for Elemental Compositions
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2022122013 - BiTe Edge  + Massive W, Ga Over Layer

2022122008

SrTiO3

Bi
Te

x

W, Ga, C
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2022122017 - SrTiO3 ROI for XEDS Test

2022122018 - SrTiO3 Hyperspectral 
Lattice Image  with XEDS Overlay
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Ti

Sr

Te

Bi

W

G
a

HAADF 

2022122031 / 32 
W and Ga interferes with ROI

SrTiO3BiTex

W,  Ga C ,  ……
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Beryllium

Diamond
Plastic/Polymer
Aluminium
Titanium
Nickel
Copper
Molybdenum
Silver
Gold

Pseudo-Carbon
Diamond
Si, SiNx, SiOx

Support Grids and XEDS
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5µm

Post Plasma Cleaning

Specimen’s on Grids/TABS
Where is the Detector

134
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Geometrical Broadening    dG ~ 2at
(all probes)

a semiangle
t     thickness

625 Z
Eo

ρ
A

!

"
#

$

%
&t3/2

dB (cm)
t    thickness(cm)
rdensity (gm/cm3)

E0   Accelerating Voltage (keV)
Z, A   atomic number &  wt 

Beam Broadening             dB ~ 
(general scattering) 

Chromatic Broadening      dC ~
(EFTEM)  

FCcβ
ΔS
Eo

Cc  Chromatic Ab Coeff (um -> mm)
bScattering semiangle (mR)
Ds  Energy Window/Slit Width (eV)
E0    Accelerating Voltage (keV)
F    Factor 0.1 (low loss) -0.3 (high loss) 

Inelastic Delocalization      dL  ~ 0.44 λ
θE
3/4

θE =
ΔE
2T0

T0 = γm0c
2

l Electron Wavelength
qE Mean Scattering angle
DE  Energy Loss
To Electron Kinetic Energy 

Image/Diffraction Delocalization     dR = | C5 �5 g5 + C3 �3 g3 + � �f g | max
C3 = Cs

g diffract. vector
Df defocus
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 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 21.4 *
 Gold  79 15.5 17.3 * *

*model invalid at higher kV and/or high scattering angles
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GoldAluminium

100 kV

Spatial Resolution /Beam Spreading Monte Carlo Calculations

DC Joy's MC Program

Al
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Monte Carlo Calculations  of B  (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

?

What about
“Atomic”

Resolution Maps?
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Lovejoy etal.  APPLIED PHYSICS LETTERS 100, 154101 
(2012)
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(CaTiO3)4  / (BaTiO3)4 SrTiRuOx / SrTiO3

Artifical Perovskite (ABO3) SuperLattices
Structured Perovskites  create novel ferroelectrics modes

BaO
TiO2
BaO

CaO
TiO2

CaO
TiO2

CaO
TiO2

TiO2
BaO

with   JG Wen 

Atomic Resolution HyperSpectral Elemental Profiles
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400usec/pixel
 single frame

2.4msec/pixel
6 frames

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

b – NiAl [001] HAADF
Atomic Channeling and 
HyperSpectral Imaging

20210930

288 pm
b – NiAl

50 pA 
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200kV / 40 pA  ~ 180 x 180  pixels 
 330usec/pixel @ 10 frames => ~ 300msec/frame

GaAs {110}

140 pm 

Ga

As

40 pA 
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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 O2 ?
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L. Allen etal  
MRS Bulletin 37, 47 (2012)
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Choice Conditions and  Line to Analyze/Measure   =  f ( Eo, Z, e) 

Ka1   =  100  La1   =   100     Ma1,2  =  100
Ka2  =  50  La2   =   50      Mb    =  50
Kb1  =  15-30  Lb1   =   50 
Kb2  =  1-10  Lb2   =   20
Kb3  =  6-15  Lb3   =   1-6
   Lb4   =   3-5
   Lg1   =   1-10
   Lg3   =   0.5-2
   Lh    =   1
   Li    =   1-3

 Oxygen K
Barium M

Copper L

Yttrium L

Barium L
Copper K

Yttrium K

In
te

ns
ity

 (C
ou

nt
s)

Radiative Partition Function 

~ 2-3 EK

Ionization Cross-section 

Ec = f  (Z)
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Data Analysis and Quantification

  Spectral Processing
  Thin Film Quantification Methods
  Specimen Thickness Effects:
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For a Gaussian Peak

Ratio of Intensities  ≠ Ratio of 
Amplitudes

Spectral Processing : XEDS
Simple Data Reduction

These two Gausssian peaks have the same integrals. 

Remember XEDS peaks vary in width with Energy
Quantification needs the Integrated Counts, not Amplitudes

=?
=@
= >???

>@?@
 ≠ ??

?@

𝐼 𝐸 = 	B
12

32
𝐴	𝑒

(1(515-).
"7(5-). = 2𝜋𝜎	 ∗ 	𝐴

Always use peak integrals (I) and never 
peak amplitudes (A) for quantification
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Spectral Processing : XEDS

Background Modeling : Power 
Law/Parametric Fits

Polynominal expansion
of Kramers Law

Spectral Processing : XEDS

Background Modeling 
 Power Law/Parametric Fits

Polynominal expansion
of Kramers Law

Bgnd = ε * A E0 −E
E

"

#
$

%

&
'
2

+B E0 −E
E

"

#
$

%

&
'
1

+C
(
)
*

+*

,
-
*

.*

Very Difficult Area
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Spectral Processing : XEDS
Simple Data Reduction – Background Modeling

If a simple linear fit works then use it.  For higher energy regions this is generally the case.
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Spectral Processing : XEDS
Curve Fitting : Linear Modeling

Using simple matrix algebra solve for A

•Fast and simple procedure

•Presumes operator knows all elements 
present

* System must be calibrated 
(i.e. Ec and sE must be accurately known)
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Spectral Processing : XEDS
Curve Fitting : Linear/Non-Linear Modeling

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.  
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Spectral Processing : XEDS
Curve Fitting : Non- Linear Modeling

153
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Simplex search of Parameter Space after Fiori, NBS Special Pub. 604, 1979
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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.

Operator independent
 Introduces severe spectral distortion

155
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Spectral Processing : XEDS
Digital Filtering
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Data Analysis and Quantification:

  Spectral Processing
  Thin Film Quantification Methods
  Specimen Thickness Effects:
 

157
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What should also be asked/understood?
• What is the Question?
• What Analysis Result is needed?

– Qualitative
– SemiQuantitative
– Full Quantification 

• 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 

 Eo, io, Detectors......
•    Collect the Raw Data &  Check for Other Artifacts
•    Attempt to Quantify

• Have you validated your protocols?
•    Are the results Sensible?

Quantitative  X-ray Analysis
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X-Ray Production
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Data Analysis and Quantification:

Quantitative Analysis Equations
For a “thin” specimen of element A 

        Function of
 IA = Measured x-ray intensity per unit area --- 
 s = Kth-shell ionization cross-section                   EO, Z, EK

 w = Kth-shell fluorescence yield  Z, EK

 G = Kth-shell radiative partition function Z. EK
 W = Atomic Weight    Z
 No = Avagodro's number   ---
 r = Density     Sample
 C = Composition (At %)   Sample
 t = Specimen thickness   Sample
 ho = Incident electron flux   Probe current 
 e = Detector efficiency   EK, Detector
 W = Detector solid angle   Detector

NB: no assumptions on:  crystallinity, orientation, solid-state effects…….
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Quantitative Analysis Equations (minimalistic)

For an infinitely thin specimen

 

e-
&

IA  = measured x-ray intensity (counts) per unit area, 
sa (Eo, Z) =  ath-shell ionization cross section 
Eo  = electrons of incident energy (),  
wa  = ath-shell fluorescence yield, 
Ga =  ath-shell radiative partition function, 
Wz  and CZ the atomic weight the composition
Z    = atomic number
No =  Avogadro’s number, 
r = local specimen density,
t     = thickness of ROI  
ho  = the incident electron beam current,
𝜏    = acquisition (live) time  
ea = the detector efficiency and 
Wa = the detector collection solid angle. 

𝐼ABC	 = 𝜎A 𝐸, 𝑍 ∗	ΓA * 𝜔A∗𝐶A * D8EF
G9

∗ 	𝜂H𝜏 * 𝜀A
I
JK

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

ns
ity

 G
e 

Ka
/s

ec

ho  - Beam Current

In
te

ns
ity

 G
e 

Ka
/s

ec

t - Thickness

s  = f (Eo, Z, EK)

w K shell

w  = f ( Z, Ex)

There are  no  analytical models  that  fits all  experimental  data.  Virtually none include solid state effects !!!

G  = f ( Z, Ex)

0
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1
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Si(Li) vs SDD

SDD - 0.35 mm
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Si(Li) - 3.0 mm

R
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e 
Ef

fic
ie

nc
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Energy (eV)

e  - f (SDD, Ex)
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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 

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  kAB factor is not a universal constant!!
Only the ratio of kA/kB is a nominal  physical constant and is 
independent of the AEM system.  The ratio of eA/eB is not a constant 
since no two detectors  are identical over their entire operational range. 

163
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k-Factors 

Experiment
vs

Theory

+ 10%
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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 (Ii/Ij) into compositions namely:

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:

and

or

Solving for CB and CA
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Variation in Measured Composition on 308 SS for Different Labs

Example in which K-factor is stable    :  Cr, Fe, Ni 
         Note: Detector efficiency ~ 100% in this energy range 
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Variation in K-factor with AEM/Detector System
Specimen: Uniform NiO film on Be Grid

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

Thomas, Charlot, Franti, Garratt-Reed, Goodhew, Joy, Lee, Ng, Plicta, Zaluzec.
Analytical Electron Microscopy-1984 1 09876543210
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Determining the kAB-1 Factor

Experimental Measurements

  Prepare thin-film standards of known composition
   then measure relative intensities and solve explicitly
  for the kAB 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 G,w,e and determine the best s to fit kAB. This 
 procedure essentially iterates the fit of s to the data.
 
 Method 2. (Zaluzec) Assume values for G,w,s�determine the best e to fit kAB. This 
 procedure essentially iterates the fit of e (detector window parameters)  to the data.
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Sources of values for kAB Calculations

W - International Tables of Atomic Weights

G(K) - Schreiber and Wims , X-ray Spectroscopy (1982)
     Vol 11, p. 42
 
G(L) - Scofield, Atomic and Nuclear Data Tables (1974)
     Vol 14, #2, p. 121

w (K) - Bambynek etal, Rev. Mod. Physics, Vol 44, p. 716
     Freund,  X-ray Spectrometry, (1975) Vol 4, p.90
     
w(L) - Krause, J. Phys. Chem. Ref. Data (1974) Vol 8,  
     p.307

s(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)
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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

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 , r, t and h

NOTE: The factor also is not a universal constant, and requires 
an accurate  measurement/determination of density, thickness and 
beam current.  

IA
Unknown

IA
S tandard =

CA
UηUρUtUρ
CA

SηSρ StSρ
=κS

U CA
U

CA
S

!

"
#

$

%
&

κS
U

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

ρ t = IA
KαWA

σ A (E,Z )ΓAωA( ) CANo( ) not( ) εAΩ( )
=ζA

IA
Kα

CAno( )

Rearrange the Intensity Equation

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

Recognize

ζA =
WA

σ A (E,Z )ΓAωA( ) No( ) εAΩ( )

With

1 09876543210
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M. Watanabe 2013
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173 M. Watanabe 2013
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Experimental z factors

Notice z is Instrument  Dependent

M. Watanabe & D.B. Williams, J. Microsc. 221 (2006) 89-109.
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175 M. Watanabe 2013
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Quantitative Analysis using  XEDS
Specimen Thickness Effects

For finite thickness specimens, what is a thin film?
 

The Thin Film Approximation
  No Energy loss
  No X-ray absorption, 
  No X-ray fluorescence

aK	,	bK	,	cK	,	EK		=>	f(Z)
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When is the specimen “Thin” ?

I(Ω, t) = I0 exp −Χρt(Ω)[ ]
t,Ω
∫∫ dΩ• No Electron Energy loss 

• No X-ray absorption
• No X-ray fluorescence
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Quantitative Analysis using  XEDS : Absorption Correction

Where is the XEDS detector?
Are there multiple detectors?
What is the Geometry to each?

179
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Quantitative Analysis using  XEDS : Absorption Correction

Where is the XEDS detector?
Are there multiple detectors?
What is the Geometry to each?
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=> 𝛽	 ± 	𝛼

181

Zaluzec - 2023

182

0 100 200 300 400 500

0

50

100

150

200

250

0 100 200 300 400 500

0

100

200

300

400

500

A(t,α,θE ) =
I(t,α,θE )

I0
= exp −µ

ρ AB

B

*ρ * t sin(α)
cos(α −θE )

"

#
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&
'
'0

d
∫ dt

00 < qE < 400   a = 900 b = 00 

Thickness (nm)

AlK in NiAl

µALKa = 3432   µNiKa=59.5 rNiAl= 5.17 

NiK in NiAl

A(
t,a

, q
)

X-ray Absorption A(t,a, q) for parallel slab film geometry   with a “Point Detector”

qE = 40
qE = 30

qE = 20

qE = 10

qE = 5

qE = 0 qE = 0

qE = 5

qE = 40

Thickness (nm)

Thickness, geometry and µ/r are all important parameters
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Variation of Absorption Correction Factor  ACF with qE, a, b
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Know/Control  your Geometry
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ACF for parallel slab film geometry   with a “Point Detector”

ACF is thickness and geometry dependent!
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ACF for parallel slab film geometry   with a “Point Detector”

µ/r is material and energy dependent!

ACF is also materials and energy dependent!
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a

a

a
g
L

b = 90 - a

90 - a

t

d

q1 q2

A(t,a, q) for parallel slab film geometry   with a “Finite Detector”
There is no  “point detector”
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Ni=82.2
 Al=17.8
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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
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X-Ray Fluorescence Correction
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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 : µ/r, r, 
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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2022043039
BF STEM 

g ~ 0

Edge of Damage Zone g ~ 0 loops in contrast, bubbles present

1 MeV Kr -> Nickel
Flux:  6.3x1011 ions/cm2/sec
Dose: 9.5x1014 ions/cm2

Temp: 625oC
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20220430-Ni/Zr

2022043034
~5 nm Bubble

2022043036
Matrix

2022043030
~20 nm Bubble

2022043015

Ni Ka Kb
Ni Ka Kb Ni Ka Kb

Kr Ka KbKr Ka Kb

PicoProbe
300kV
200pA

100Lsec
~ 2 nm probe

XEDS Spectra from Bubbles

Kr/Ni = 0.003
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2021110611 -HEA - CrMnFeCoNi
 {110} Zone

Edge on   1/3 <111> Loop

Edge On [111] Loop
Raw Data

Matrix Above Loop
Raw Data

Co Ni  enriched - Mn Depleted,

208
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Fe Fe

Ni Ni

CrCr

Distance (nm) Distance (nm)
-200 -200+200 +200

Grain Boundary Segregation
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Al KNi K

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

Energy Loss
Momentum 

Transfer

p
*
s
*

XEDS

EELS

Incident beam 
ki with 
convergence 

q
ki

kf b

a
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• 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  
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Electron Channeling Induced X-ray Emission
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High Angular Resolution Electron Channeling X-ray Spectroscopy 
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Applications in Ordered Systems
 Shared Occupation Axis

g = <110> 

AlK

NiK

g

AlK

NiK

g

NiAl <110> 
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Al K

Ni K

NiAl <100>

Applications in Ordered Systems
 Independent Occupation Axis
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Applications in Ordered Systems
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NiAl {110} Zone Bend Contour
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MgAl2O4 - Spinel

{100}
showing Oxygen

{100}
not showing Oxygen

{110}

Space Group Oh
7 (Fd3m)

Mg (8)    - 64 tetrahedral sites
Al  (16)  - 32 octahedral sites
O   (32)  - nearly cubic lattice

8.08Å

Mg
Al

Mg
Al
O
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MgAl2O4 Cross-Section

A

B

C

Ne
T.Soeda, S. Matsumura (Kyushu Univ.)
L. Rehn, N. Zaluzec (ANL) 

A

B

C

Irradiation Studies of Spinel
MgAl2O4

223
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Perfect Spinel (Calculated)

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

Undamaged

PrePeak
Damaged

Peak
Damage

O                      Al                      Mg
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ALCHEMI
Atom Location by CHanneling EMIssion

Tafto & Spence - Science 1982
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Anamolous  X-ray Peaks

s(E) is wrong
f(E) doesn’t make sense

f(E) varies with kV
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Coherent Bremmstrahlung
Reese, Spence, Yamamoto 

Phil Mag, 1984, 49  697-716  
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Significant amount of data is generated in SI Expt’s

1G268M64M16M1024

524M134M32M8M512

262M67M16M4M256

10242512225621282XY
E

20nm
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Position/Angle

Energy

Positio
n/Angle

E1

E2

E3

E4

E5

En

Spectrum Imaging

128
2

256 512 1024
2 2 2

1ms

1 s

t
XY

16 s

1µs 16 ms

~4.5 
hrs

65 ms 0.26 s 1.05 s

65 s 4.4 
min

17.5 
min

~18 
hrs

~3 
days

 ~12 
days

1 min ~11 
days

~1.5 
mnths

~ 6
mnths

~2 
yrs

Significant amount of time is required in SI Expt’s

Temporally Resolved Multi-Frame 
HyperSpectral Imaging

Is the new modality
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200 kV, Hyperspectral Imaging
RT – Cryo-Tomo-Be- XEDS Holder
~100 pA/MultiFrame/Drift Corrected/
       Temporally resolved / 719 frames
~ 20 nm probe ~ 400 µsec/pixel  low dose
~   total  DAQ/pixel  ~   300  msec/pixel

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 

Zn Elemental changes in egg vesicles correlate with biological 
processes

Metal Ion Fluxes Controlling Amphibian Fertilization;
J.F. Seeler etal  Nature Chemistry volume 13, pages 683–691 (2021)
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GaL

GaK

SiK
CuK

InL

C
    N
      O

III-nitride nanopyramid LEDs 
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III-nitride nanopyramid LEDs 
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1K x 1K Hyperspectral Images 
Extraction : HAADF,  GaK, InL, NK, SiK
+ 600  @ 30 increments  dual axis tilt series
5 minutes / frame  ~ 7 hrs  ~ 20 Gb 
200 kV, 1 nA @ 160kX   t ~150 nm
FIB X-section & Plasma Cleaned  !
Alignment via cross-correlation 
Reconstruction via SIRT 
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III-nitride nanopyramid LEDs 

Tomographic reconstruction using Inspect 3D
 1K x 1K Hyperspectral Images 
 HAADF,  GaK, InL, NK, SiK
+ 600  @ 30 increments  dual axis tilt series
5 minutes / frame  ~ 7 hrs  ~ 20 Gb 
200 kV, 1 nA @ 160kX 
FIB X-section & Plasma Cleaned  !
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XEDS Hyperspectral Imaging 
in Materials 

500 nm

XEDS Hyperspectral Imaging of Soft Matter
using Position Tagged Spectroscopy (x,y,E,t) 

                                                              Ferritin on SiN
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500nm

Mn K

Fe K

K K P K

Ca K

HAADF

BF
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• 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 / Ionization 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

• Secondary Electron Damage
• 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

Rutile
Ti L

Undamaged
Damaged

The Microanalyst’s Bane : 
Electron Radiation Damage & Contamination
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Atomic Displacement Amorphization

Radiation Damage in Hard  AND  Soft Materials

Polystyrene
Before

After

Sputtering Melting

0.0 Dc 0.4 Dc

0.8 Dc 1.0 Dc

PS/PMMA Block CoPolymer Sodium Phosphate 

Radiation Damage to Organic 
and Inorganic Specimens

Ray Egerton ; 
Micron  V119  73-87 (2019) 
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Polyamide Filtration Nanomembranes
Hyperspectral Imaging                                                                                         

ThermoFischer/FEI Dual X ~ 2 sR

#t = 1 msec/pixel #t = 33 msec/pixel

+ Spatial Temporal  Event Spectroscopy (X,Y,E,t)
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Cu Ka ROI temporally resolved HSI after 0.1, 1, 10, and  33.3 
msec/pixel

Position Tagged  Spectroscopy (X,Y,Si,t) 
Temporally Resolved HyperSpectral Imaging 

Polyamide Membrane
     

Dose Fractionization =  Multiple Frames * Short Times
PTS =>  store all the data as a function of (X,Y,Si,t) !
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Localization of Heavy Metals to 
Site specific Membrane features

Polyamide (PA)  Filtration Nanomembranes

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

#t = 0 #t = 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
Hyosung An, Jordan M. Dennison David G. Cahill, Matthew A. Kulzick and Qian Chen*,
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DAQ / SW: - NHSA

Custom Cryo-Tomo-XEDS 

Soft Matter Visualization and Characterization  by Electron Optical Beam Lines
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Nanomaterial interactions within HeLa Cancer Cells 

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 

253
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20211032921 - 5kx
DF-0 mode

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

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 EM

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

255
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Hyperspectral Imaging in  Liquids & Gases @ 1 ATM @ Temperature

Collaborative work with  Manchester &  BP

Characterization of nanoparticles in liquids
In Situ Metallurgical Studies

MnS Inclusion Dissolution in Water

In Air, 1 atm

2 hr. in H2O

24 hr. in H2O

500 nm

RT  H2

Post 500oC 

300 nm

Pd/Cu NP Catalysts on 
TiO2

Calcined vs Reduced
0.7 atm H2
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OK

NiL

OK

NiL NiK

NiO
NaCl Structure  
ao = 4.176 Å

Single Crystal
Ar Ion Milled
Variable Thickness

•FEI Tecnai Osiris
•200kV
•X-FEG
•XEDS: Super X
•EELS: FS-1 
•DT Be Stage
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l(NiO)200kV ~ 101.7 nm
Egerton & Cheng Ultramicroscopy
Volume 21, Issue 3, 1987, Pages 231-244

Simultaneous 
XEDS and EELS
Data Acquisition
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XEDS & EELS 
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Simultaneous XEDS/EELS – 
Nickel Oxide Single Crystal 

OK/Bgnd NiL/Bgnd

0.77 2.03

0.50 1.45

0.17 0.53

OK/Bgnd NiL/Bgnd

5.0 10.2

5.1 10.6

5.8 10.3

with M. Garbrecht @ UofSydney

261

Zaluzec - 2023

262

Nickel Oxide Single Crystal 
Simultaneous XEDS/EELS  Normalized @ Pre-OK Bgnd

XEDS has a measureable advantage

OK NiL

6.5 • 10-3 4.7 • 10-3

7.6 • 10-3 5.5 • 10-3

7.0 • 10-3 5.3 • 10-3
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∆𝐼𝑡	𝜆	
𝐼𝑡	𝜆

	 ∝	

1
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FoM (∝ MMF) A smaller FoM  is better !
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Thanks 

Questions?
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