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The X-ray Perimeter Array Detector (XPAD): a New Resource for Atomic

Resolution and High Sensitivity Microanalysis in the Analytical Electron
Microscope
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This Morning’s Traditional Weather Report

Bolingbrook
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Clear
H:34° L:22° H:-11°.L:-20°

Sunny conditions will continue for | A Hydrologic Outlook
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Jan 252023
1 day prior to leaving for Oz

Jan 27 2023

But you managed once again to depart just in time to get out of
shoveling the driveway
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Microanalytical Challenges

2]

You can’t measure it, if you can’t detect it

Small Particles: Catalysts, Nanomaterials , Quantum Structures

Nanomaterials and processes challenge our ability to understand them:

e

Ru Catalyst on CeOx Support

Catalytic Nanoparticles

Key Challenges:

¢ Quantification - nanocrystallography at atomic
resolution (automated w/ real time modeling and
simulation)

¢ Atomic scale 3D imaging and diffraction

¢ In situ: controlled environments for simultaneous
imaging and spectroscopy during reactions

¢ Dynamics: real-time observation
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Spectroscopic Detectability Limits

Signal in the Presence of Background

Detectability is related our ability to measure the O Nip

change in signal that is statistically significant above

random flucutations

Student T-test Criterion

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

Al 233
I T
I+B

EELS

XEDS
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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 1/B

9
Detectability is Based on a Signal Measurement
hk=/(2 E;, t, 0o, T, &,02,0..)
Minimum Detectable Mass K™= Constant -, 233 (Staent st
teristic (Peak) Signal from X
k (Ix/Bx) = Peak to Background ratio for: X
MDM ~——
. . o= Incident electron flux
I.-n-7
Jo = Incident electron current density:
Minimum Mass Fraction d = Probe diameter:
T = Analysis time
MMF ~ e
Ragaron |
Ix Specimen \\\\\\\\ Sy 90°
Anisotropic / h
Bremsstrahlung.
Radiation o
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Bremsstrahlung Emission due to electron excitation

C.+N,+p dE, .. *do
IBgnd(¢’E0’EBgn([’Z""): Iq).{ - W }.ga.t.glignd .{ ggd
z Bgnd

Sin2(¢) COS2 (¢) Isotropic ¢
=] e —— -I- I . 1+ T —— Characteristic
© 1= Becos@)']] 7| [1-Becos(@)]’ Radaton

Specimen

Vv

I, = f(ZE, Eypyo),  PB= p
/ P
Anisotropic — ¢
Isgnd =Bremsstrahlung intensity B'egzsi:;';“"g
.. 0°
E, = incident electron energy (),
¢ = observation angle
Eggna, dEggng the continuum x-ray energy being measured and its Note: Traditional
. Detector Elevation Angle

window 0E=-90

I, I; = continuum radiation components

Sommerfeld, 1931, Scherzer, 1932, Motz and Placious, 1958
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Bremsstrahlung at fixed Background Energy window (7.48 keV) vs E,
Eo (keV) Vo (kV)
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00
Calculations for Ni
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Early Days of XEDS 1973

Hamish Fraser, John Woodhouse,...

IlllL|_N_lr7|I$
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Early Days of XEDS 1978

Ray Carpenter, Jim Bentley, Ed Kenik ...
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XEDS Geometries Vary

Hartmut Wiedersich, Charlie Allen, Mark Kirk, Dean Miller, Russ Cook, JG Wen

15

One of the First SDD’s - ANL AAEM Project

16
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Today Detectors come in various sizes and shapes

100 mm? Cylinder 30 mm? Cylinder

L, Ro=4.15mm / Guard Ring R~ 4.5 " Ro=2.9 mm / Guard Ring R = 3.05
Housing R = 11.5 mm Housing R=7.5 mm
100 mm? Racetrack 100 mm? Square

Dx=Dy=9.6 mm/ Guard Collimator = 12.4 mm
Chip = 14.0 mm
Housing 16 x 16 mm

Dx-Dy =7 x13.2 mm
Housing 13.5 x 24.4 mm

17
Intens lty = rscatteringprobabiliry ° Natoms ¢ nelectrans * Ttime ¢ S2e_]j‘iciency
4nt sR ~2.5msR
Theoretical Maximum Eliminate Pole Piece Volume Eliminate Specimen Holder
The collection solid angle Q is a key parameter
18
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Non Traditional Geometries are now also possible

80.0 s L s 6
Experimental +15°

Calculated '{
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Ge KouPeak/Background

50 160 150 200 250 300

Accelerating Voltage (kV)

19

Traditional XEDS/AEM Geometry
Additional Limitations?

MDM ~EE

20
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SDD Geometries are extremely varied today

Using the simple tilt series protocol, individual configurations can now
be directly characterized and compared on equal and unbiased basis.

iy
[

K«

ft

21

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°

==

T
14 15 16 17 18 19 20 21 22

22
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Ge
SiNy

Germanium on SiN,

Ge
SiNy

3mm
—
I\ «—
\ 4 :

* No Cu grid bars to confuse any measurements
* Holes allow beam current without removing the holder
* No crystalline channelling effects to complicate interpretation FIB Cross-section

Ref: Zaluzec, N. (2022). Q itative A and of X-ray Detector Performance
Microscopy and Microanalysis, 28(1), 83-95. doi:10.1017/5143192762101360X,
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Calculated Variation in Solid Angle

Penumbra/Geometry of the Specimen Holder is also Critical
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Experimental Variation in Solid Angle

-

Holder Tilt

Calculation of Holder Tilt to Minimize Holder and Detector Penumbra

Parameter Valie units
[Holder Side Wall Half-Height (k, ) o5 mm
[Holder Half-Width (v, ) 325 mm

[Holder Penumbra Angle ( 8,,) 875 degrees

|Upper Detector Height (Hy)
[Lower Detector Height (F.)

hg (== - IDetector Upper Elevation Angle (0sU)  29.80 degrees|
T |Detector Lower Elevation Angle ( 85" ) 878 degrees,

W, [Minimum Holder Tilt Angle (o =8, - 65™)
s to mitigate penurbrasof holderandior deector 1753 dogrees

Note: ome detector gsometsics can have
Hy which i negativ (i below the specimen plane)

http://zaluzec.com/NJZTools/

24
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Ge Ka * Cos(Tilt)/nA/Lsec

Absolute Comparisons are now possible
As long as you also measure Beam Current
& Live times

ual X/ Su

per X/ Si

ngle SDD

AN

et

-40

-20

0
Holder Tilt
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XPAD - X-ray Perimeter Array Detector

c)

NGE A
f) ) ;
&

X

o
Microsc. Microanal. V 20,
1318-1326, 2014
Ultramicroscopy , V 151, 2015,
Pages 240-249
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ANL/UofC PicoProbe

ANL LDRD Projects
ANL/ThermoFisher(FEI) CRADA #1300701

ThermoFisher
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Detector Collection Solid Angle (sR)

XEDS-SolidAngle vs Year
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Analytical PicoProbe Arrival —> Assembly —> First Light

Column Set
11/19/20

— e Move In
11/12/20

First Light
12/17/20

31
- I Comparisons of Performance \’
-'d - Test Specimen: Ge on SiNx A—\:
ANL TEM ANLTEM ANL PicoProbe
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! 1
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x1 1 | ] \
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S 1 Z ! 7 A
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Energy (keV)
q : . . ; Protocol for XEDS System Penumbra Measurements:
GelSiNx Specimen : htp:/fwww temwindows. com/category_s/55.htm Zaluzec etal Microsc. Microanal. 22 (Suppl 3), 2016, 278-279
32
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Quantitative Detector Configuration Comparisons

Q=dn- L
CoNo-
{ox-wk Tka }'{ZW—OZPZ}'tz'no T EKq

Experimental Ge Ka Intensity | Theoretical Experimental
(Integrated counts/nA-sec) Cross-section Q (sR)

Detector Configuration

(Barns)

Single 60 mm2SDD 157.8-182.7
Quad 30 mm?2SDD 157.8-182.7 0.62-0.54

Dual 100 mm? SDD 157.8-182.7 1.27-1.10

0.18-0.16

Igq = Net integrated full Ko peak intensity pz = Density of the volume producing the signal
ok = Kth shell x-ray ionization cross-section Wz = Atomic weight of the species producing the signal
wg = Kth shell x-ray fluorescence yield tz Thickness the volume producing the signal

Tkq= Radiative partition function for the Ko signal No Incident electron beam current
Cz = Composition of the volume producing the signal T = Acquisition live time
No = Avagodro’s Number EKa = X-ray detector efficiency for Ixq .

33

C,*N, *p Q
1,={0,(E,.Z) Ty, }s3—L—F 0o otede,
W, 4r

Accelerating Average Ge Ka Intensity heoretical Cross Experimental
Voltage (kV) (Integrated counts/nA-sec) | section (Barns) Q (sR)

157.8-182.7 4.28+0.3

144.0-167.5 ~4.55+03

Experimentally determined solid angle for XPAD on the ANL PicoProbe. The designed solid
angle was 4.47 sR and is within the errors of the cross-section models] used.

Zaluzec N.J., (1984) “K and L Shell Cross Sections for X-ray Microanalysis in an AEM”
Analytical Electron Microscopy, ed. D. Williams, San Francisco Press, 279-284,

Llovet, X, Powell, C.J., Salvat, F. and Joblonski A, (2014) “Cross Sections for Inner-Shell lonization by Electron Impact, Journal
of Physical and Chemical Reference Data 43, 13102

34
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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

35

Atomic Channeling and
L —NiAl [001] HAADF HyperSpectral Imaging

Structure Type: Crystal
Chemical Formula: S— NiAl
745 )
Space Group: Pm 3m
Crystal System: Cubic
a: 2.8810 A
Cell Volume: 23.913 A*
Asymmetric Unit: 2 sites
Unit Cell: 2 sites/unit cell
Density: 5.9505 g/cm?
Visible Sites: 97

400usec/pixel  2.4msec/pixel
single frame 6 frames

1pA-usec ~ 6.24 electrons => 50 pA @ 400 usec ~ 1.2x10° electrons

Note: this measurement was grossly oversampled @ 26pm/pixel
20210930

36
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GaAs {110}

500 pm

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

37
Evolving Detectors & Geometries for XEDS
Collection Efficiencies have Significantly Increased this year

>
Q
c
(] |
S t Apap (~ 4.5 sR)
&=
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p .
o
g W,
9 ]
3 o< . ==

/// \\
> | A
o
o % Dual SDD ~ 1-1.5sR)
5 ]

m Quad SDD ~0.7-1sR
Tt Single SDD ~ 0.3 sR
50 -40 -30 -20 ‘ -10 0 10 20 30 40 ’ 50
Specimen Holder Tilt (degrees)
Protocol for XEDS System Penumbra Measurements:
Zaluzec etal Microsc. Microanal. 22 (Suppl 3), 2016, 278-279
38

10/29/25

19



Detectability is Based on a Signal Measurement
Ixzf(zf EO/ tl 770/ T/ 8’ .Q, 0"’)

Minimum Detectable Mass

MDM ~L

I.-n-7

X

Minimum Mass Fraction

MMF ~ =

k = Constant ... 2.33 (Student T-test).

Ix = Characteristic Signal from X

kground ratio for: X

ron flux

icident electron current density:

d = Probe diameter:

T = Analysis time

Isotropic
Characteristic.

Radiation

Anisotropic
Bremsstrahlung
Radiation

F— 900
Specimen S SSRIN
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Spectroscopic Detectability Limits
Signal in the Presence of Background
-
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Analytical Sensitivity # =<
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DF STEM

Intensity (kCounts)

20211106xx-07xx -HEA - CrMnFeCoNi
Irradiated 1MeV Kr -@ 500°C @ 1dpa Near {110} Zone

BF STEM

[Wspecta from Area #1

7
Energy (keV)

Specrum

43

2021110611 -HEA - CrMnFeCoNi
{110} Zone
Edge on 1/3<111> Loop

Net intensity (Counts)

Matrix Above Loop

Raw Data

B

|- 104

102

94

U] 2 E
Position (nm)

Intensity (kCounts)

Netintensity (Counts)

Co Ni enriched - Mn Depleted,

Edge On [111]

Loop

|- 104

30
Position (nm)

Intensity (kCounts)
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2022054 —Ordered HEA — Alp3CrFeCoNi
{001} Zone
1/3 <111> Loops

Intensity (Counts)

[ P——
Mool

Bsecnionien
Vel

20 nm

7 8
Energy (kel)
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2022050508 —Ordered HEA — Alg 3CrFeCoNi
{110} Zone
Edge on 1/3<111> Loop

‘Atomicfraction (%)

Bo
[ 1%

I 10.20

F 1015
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2022050508 —Ordered HEA — Al, ;CrFeCoNi
{110} Zone
Edge on 1/3<111> Loop

1020
F 1015

F 1010 g
1005 §

F 1000 2
2

Atomic fracton (%)

Loss £
Loso

47

100m

g ~ 0 loops in contrast, bubbles present

48
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XEDS Spectra from Bubbles

20220430-Ni/zr

PicoProbe
300kV
200pA

100Lsec
~2 nm probe

50 nm)

Ni K, Kg 7Ni Ko Kp Ni Ko Kp
202204;(;36
Matrix

Comrmres
2022043034 . 2022043030
~5 nm Bubble ~20 nm Bubble

Kr Ko Kg Kr Ka Kp

e

Kr/Ni = 0.003

49

If you can’t detect it, then you can’t measure it.

Thanks !

Questions ?

ﬁ Zaluzec @aaem.amc.anl.gov
Zaluzec@Microscopy.com
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GaN <211> =3

&pm

<211> GaN sub-atomic image
Ga-Ga =63 pm

F y . B
. Eo: 30-300 kV Electron Source

. High Brightness Coherent Field Emission Gun
. Probe Corrector (8x < 55 pm)

. Monochromator (3E g 30 meV) RO
. XpaD4.5 sR X-ray Spectrometer I[][]
. ZTwin Lens

. Next Generation Multi-Port Octagon

. HR/LowDrift Piezo Goniometer

. 4Kx4Kx16 bit CMOS Imaging Detector

. 128x128x30bit Diffraction Camera

. CTEM/STEM/iDPC /4DSTEM Modes

. Analytical LBHV DTilt Holder

. Ambient Tomography Holder

. Pytchography/Tomography Holder

. Ambient Liquid Cell Holder

. Cryo Tomography/Spectroscopy Holder
. Dynamic Imaging ~ 0-300 fps

. Multi-Modal Enabled

. Telepresence Enabled

Image Resolution
CTEM <100 pm / STEM ~ 55 pm
Temporal Resolution
0-300+ fps (CTEM) ¢ 1 usec/pixel (STEM)
Spectroscopy
- Worlds most sensitive AEM XEDS detector (>4sR)
- HR Energy Filter-Spectrometer - (< 30 meV)
Environmental
Commercial and Custom (Ambient) in-Situ Holders
Direct Electron Detectors
Cryo EM Imaging for Soft/Hard, Energy & Quantum Materials
Cryo EM Prep / Inert transfer
Future
In-situ Gaseous Media @ Temperature
In-situ Photonics/UV/IR/NIR

Adative Holographic Optics

ANL/ThermoFisher
CRADA #1300701

ANL LDRD #2017-153

ANL PRJ# 1006014

NSF MRI #2117896
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