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Excillum DX$RIE

Excillum’s X-ray sources
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Multi-modal microscope
Wiurzburg University /
Fraunhofer Institute
Germany

1 SAXS system

National Institute of Standards
(NIST)

USA
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X-ray emission
spectroscopy system
Max Planck Institute
Germany
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Phase-contrast imaging
system

Custom system by Proto
Johns Hopkins university
USA



Our two go-to market models
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MetalJet E1+ system overview
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Spectra of gallium alloy and copper
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Spectra of indium alloy and silver
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MetalJet products

On By
/\

MetalJet E1+ 160 kV MetalJet D2+ 70 kV MetalJet D2+ 160 kV MetalJet C2
up to 1000 W (30 um) up to 250 W (20 um) up to 250 W (20 um) up to 200 W (80 um)
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Excillum MetalJet
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MetalJet E1+ 160 kV
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Comparison with conventional x-ray source
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MetalJet E1+ compared to tungsten-solid-anode X-ray tube

1E+14 :
MetalJet E1+ 160 kV 1 kW (5 keV rolling average)

—— MetalJet E1+ 160 kV 1 kW
1E+13 Tungsten solid anode 160 kV 30 W (5 keV rolling average)
—— Tungsten solid anode 160 kV 30 W
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X-ray photon flux available

We are happy to share data on X-ray flux (e.g. spectra) and spot shape depending on source settings.
Basic data is available already on www.excillum.com

Performance examples’

8-15 keV Ga Ka9.22-9.25 keV 15-30 keV In Ka 24.0-24.2 keV/ 30-60 keV 30-160 keV

Jet material Acceleration voltage Nominal X-ray spot size® E-beam power Peak brightness Radiant flux

[kv] [uml] W] [photons/(s mm* mrad?)] [photons/(s mrad?)]
ExAlloy-12 160 30 1000 4.9x10° 5.7x10°

160 30 T00 4.5x10" 4.7x10°

160 25 570 6.5%10° 4.1x10°

120 20 380 5.9x10° 2.3x10°

70 20 250 2.3x107 7.9x10°

10 150

www.excillum.com/our-products/metaljet/metaljet-e1-160-kv



http://www.excillum.com/our-products/metaljet/metaljet-e1-160-kv
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Single or dual x-ray windows
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Metaldet E1+ [Z &k A
=ECT

High speed CT
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1s CT scanning

S SR
 MetalJet E1+

* Direct Conversion DualThor
T+ MDA DTA T TAaTIE—

- EE:160kV

- ARy YA X:30 um
- HA 1kw

— 2000 fps

- X#RIR-fRHHZRfEEERE 60 cm
- RO EILHAL X 20-30um

[ ET
https://www.youtube.com/watch?v=1_HNV1AWhFk
https://www.youtube.com/watch?v=pagg9oxkzsU




360° / 1s rotation |

Excillum MetalJet E1+
160 kV, 700 W
30 um spot diameter

B
-y

|

| DirectConversion Thor FX20.256

"'ﬂ‘ CdTe photon counting detector
“ P 2048 x 256 pixels, 100 um pixel size

10 Gbit readout
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First results from EV-cell

* Focusingon corner to study overhang
e Same experimental setup
* EV-cell from Golf GTE
— 148mm x 95mm x 26mm
— Panasonic prismatic lithium cell 25ah

eillum
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ScreenshctIMPRIChp VShow MPR 7Fullscreen‘

Screenshot | MPR/Clip | Show MPR Fullscreen‘

Measurement Mode | | | Clip | Crop

I Screenshot ] WL l Fullscreen

eillum

Measurement Mode
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Phase contrast imaging



MetalJet i FA#I - .
X%Jiﬁz *H % ‘E’Eﬁ&ﬁ% X-ray phase contrast microscope €.l I I um

Exciscope A T LIC K A HAEE R
S e %* : 0.6 um voxel size
‘ 23 1.0 pm system resolution

(determined by phantom)
6 h scan time

Sample courtesy: University of Basel

TOMCATE—LS A > (PSI) Ik AHIBEEHER

B L

, T Ny 0.325 pm voxel size
©EXCISCOPE Wi S0 72p. 1.8 umimage resolution
PR A 3. ¥ (fourier domain estimation)
ExciscopeMRET 54 A —D TR T A K G FEESI TR JEEUE LT
MetalJet XfRIRIC L U . XBLGEALRET R ey
SfRBEDORMMEEA A—D T M E[REIZA
L o . .
=T ¥I5T4 vy, —BOISEERSATOSH
MEIMOEEZERLRETILVEYTYT

A. Migga, et. al. Proc. SPIE 11840
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High energy
diffraction
MICroscopy



HEDM is a diffraction technique = Specific planes ecillum
meet the Bragg condition VAL | VECHANICAL ENGINEERING

X-ray wavelength

Voo

nA = 2dsin @

|

Interplanar distance
(d-spacing)

Crystallographic
plane

Polycrystalline
Sample




. ecillum
Lab based HEDM microscope

l : ‘::\ L =
E 7/| Current setup includes Deben stage
= N ] Ty to study samples under tension

BV | MECHANICAL ENGINEERING PROTO

X-RAY DIFFRACTION

34
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24 keV, 1-mm samples = Suitable for low-Z materials (Mg,
Ti, Al Li)

Ti7Al

2 second exposure

Aw =0.25°

400 mm detector distance

Gain setting of 32

Max-over all after median subtraction
+ thresholding

VVYVYYY
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Scattering and
diffraction MetalJet
applications



MetalJet, a smaller and brighter X-ray spot for
analytical applications

Power density[kW/mm?2]

3500

3000

2500

2000

1500

1000

500

Brightness

Liquid metal-jet anode
(1:4 line focus)

Typically 20 pm spot size

Solid anode
(1:10 line focus)

Typically 40-50 um spot size

Rotating anode
(1:10 line focus)

Typically 70 um spot size

X
T~ T~

1

10

100

Apparent source diameter [um]

1000

eillum
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MetalJet for Single Crystal Diffraction and SAXS

With its small high-brightness X-ray spot of typically 20 um diameter the MetalJet X-ray sources are
ideally suited for...

... single crystal X-ray diffraction where peak ... small angle X-ray diffraction (SAXS) where
brightness of 6el1 photons/s/mm? can be the small intinial spot acheives a very low
focused into 80 um spot diameter divergence beam

38
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Details on the X-ray beam for single crystal diffraction

Crystal

Beam size at
A////sample

position

Standard tube Microfocus tube Metaljet x-ray beam

More photons on the : -
» Better signal to noise
Brighter and smaller beam ‘ crystal and less parasitic ‘ and highgér throughput
scattering

39
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Create the beam of your dream with E1+

Possibility for customized X-ray beams

Due to the combination of extreme brightness and
Flux of E1+ we can now achieve unprecedented
beam characteristics previously only possible at
synchrotrons

- 1010
13.5

focus flux density (phlslmmz)

Highlights of a customized setup:
* Monochromatic 24keV X-rays 1
 Downto ~10 um X-ray spot size
e 2-15mRad convergence angle (Slit controlled)
* Measured flux of ~1e7 ph/sec for ~10 um beam ©

8 2.5

y (um)
o

-50 0 50
X (pm)

Illustration of X-ray spot in focus

40
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Accelerating structure determination and research

output with MetalJet

The STOE scientists carried out a comparative study using a metal organic compound - C,g Hge Sm, Fe, N, Oy

Application example kindly provided by Stoe&CIE

41

* Measurement conditions,
microfocus Cu X-ray source:

* 1308 Frames 1°/ 360s

*~120h
R,=4.43%

WR,=13.13 %

* Measurement conditions,
Metaljet STADIVARI:

* 2294 Frames 0.5°/ 1s

o~4 i
Omin p =2.64%

WR,=5.16 %

a=14720A a=90.0°
b=11.919A PB=105.7°
c=22.414A vy=90.0°



Non-ambient Bio-SAXS at low concentratidhg. ™

- Non-ambient data collection needs enough intensity in
limited time to detect transitions and subtle changes

« SAXS intensity profiles for different lipoprotein (LDL)
preparations after SEC at 0.4 mg/ml concentration

« Model provides info on:
* the particle-specific melting temperature of the core
lipids,
* the structural organization of the core fats inside the
LDL, -
 the overall shape of the particle %

» the flexibility and overall conformation of the outer ~ "
protein/hydrophilic layer at a given temperatureas [/
governed by the organization of the core. 0.01

q[A"]

Application data kindly provided by Jan Skov Pedersen of Aarhus University

Maric, Selma; Lind, Tania Kjellerup; Lyngse, Jeppe; Cardenas, Marité; Pedersen, Jan Skov. ACS nano, Vol. 11, No. 1, 03.01.2017, p. 1080-1090.


https://pure.au.dk/portal/en/persons/jeppe-lyngsoe(c8a7fe42-fe44-4dab-98d8-58eb73f245d4).html
https://pure.au.dk/portal/en/persons/jan-skov-pedersen(8cb5e42a-3881-479c-82a5-232355605d7e).html
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Spectroscopic
MetalJet
applications
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HAXPES-lab

* HAXPES-lab from ScientaOmicron
— Turnkey system with:
* Gallium MetalJet
* Monochromator 9.25 keV (Ga kalfa)
« Easysample introduction

* Motorized sample manipulation and
sample changer options

 EWA4000 Electron analyzer

* Part of the ScientaOmicron
Material Innovation Platform (MIP)

Probes bulk sample properties and accesses deep
core level electrons via photoelectron spectroscopy
(XPS) without the need for a synchrotron.

Haxpes lab information kindly provided by ScientaOmicron. Read more: www.scientaomicron.com/en/products-solutions/electron-spectroscopy/HAXPES-Lab



Example: Buried material

The sample:

30 nm Sioi

The measurement shows a clear signal originating from the Si-Si
chemical state even though it is buried under 30 nm of SiO,

In addition, it is noted that the results from SPring-8 and HAXPES-Lab are
almost identical..

Using a standard XPS tool with an Al or Mg source it would have been
virtually impossible to detect the Si-Si peak.

Application data kindly provided by Prof Atsushi Ogura, Meiji University

eillum

Comparison of SPring-8 and home-lab
measurement of a SiO,/Si structure.

Si-0

—— SPring-8
—— Lab. HAXPES

Normalized Intensity

1850 1848 1546 1844 1842 1840 1838 1836

Binding energy (eV)

Figure.1 Si 1s spectra of SiO,/Si sample
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XRF Application with MetalJet + Polycap + Maia Detector

Maia Mapper images — Rock slab

Pictures kindly provided by Chris Ryan and Robin Kirkham

Maia Mapper: High Definition Drill Core Scale XRF Mappingin ARCF | Chris Ryan 46 |
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XRF Application MetalJet + Polycap + Maia Detector
Maia Mapper images - Rock slab @

s y : e e red
. w 5 : s
: ?
RGB images: 12333 x 4967 pixels (61 M * 30 um pixels) @ 2.7 ms (45.9 h, 279 GB); 370 x 149 mm2; 200 W, 70 kV, 1.0 mm Al filter
: . 10 mm

Pictures kindly provided by Chris Ryan and Robin Kirkham, CG Ryan et al., J. Instrumentation 13 (2018) C03020.
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NanoTubeT %2 /
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Excillum NanoTube N3 160 kV

NanoTube N3
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NanoTube N1 55 NanoTube N3~ ecillum

NanoTube N2

O 202042 F H5%

O 60kV&110 kV
NanoTube N1 Q /87 —0EN
Q BH7SA AV

0 201658 A HF+= - ’ P soem fOAR

O 60 kV ’
NanoTube N3

QFEEFHMT7 A A
0 2021F 128 #35%

O 60 kV, 110 kV & 160 kV
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Physical features

* Tungsten (W) on diamond transmission anode
technology

e 150 um min. spot to sample distance

* Excellent geometrical access thanks to cone
shaped front

 Build in water cooling for ultimate stability

53



NanoTube N3 [I3FELE D 1T HkH 5 FIRIE (T2

/N fREEIZ S T150nm
= XAXEMEE/E N TERAEE

(1) NanoTube N3 60 kV

FNANEE £ 40-60 kV
2—4y FENNEN 2.4 W

(2) NanoTube N3 110 kV

ENANEEE 40-110 kV
72—y KEIMNEN6.1W

(3) NanoTube N3 160 kV

ENANEEE 40-160 kV
22—y FEIINEAHD 11 W

eillum
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JIMA resolution
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X-ray image 256 x 256 pixels
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Symmetric resolution thanks to astigmatism correction

Before astigmatism correction

|
** vertical focus
4" le@« Horizontal focus
/ Elliptical
3 spot
£ \
. o > » = —
2
: W"
0
4.19x10° 42x10° 421x10°

Focusing current, mA



. . . . . excillum
Symmetric resolution thanks to astigmatism correction

Il
e




FWHM, um
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Symmetric resolution thanks to astigmatism correction

After astigmatism correction
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- BR{RE L ENANE

« NanoTubeN3lx. £ CTOHOEIMEBEEEFET
150nmDEx/NMEEEEZERT H_EMTE

E3C

« BEBELMMERXICEYIRTE
—E&

G —

Hhyy—FIZx LT

%
7l-s

Resolution (nm)

850
800
750
700
650
600
550
500
450
400
350
300
250
200
150
100

50

eillum

Minimum resolution

Competition #1

NanoTube N3

40 60 80 100 120 140 160

Acceleration voltage (kV)
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il fEl & B #1E

Beam

Vacuum pressure 2.1e-7 mBar  Energy: 160 keV 160.0 keV

E-beam spotsize: 0.30 um 0.31 um

« XERROBERIEIL, GUI. FFAPIETTFRA bR % e a A —
FRALTETLET i e

« NanoTube N3 D #l|{fEHa]8EIE B: e et

- 7]”%%& 2'0“’76"‘ o T 3. Index: 120 120

Target current [uA]

- X ,—|—f v YA z p— B

8.735 Vert. adjustment 0.00 um
o ==
- 9 “J F El] 7]” % 873 \ Horizontal position 42.0 um
8.725 L L0 Ll e .
9 A . [o] N L % | ') Vertical position: 37.9um
— — ) ’ A} | A}
J F L @ X , \ J F 1lL I_ 872 Runtime: 36.2h

8:715 Absorbed energy: 7.5Wh

« NTA—ZDBEFMEKTEH K UKL LS
- FHICKLAWHRBOLERG L K ———— {Xwﬁﬁ,ic
- hY—FFEmMZALT—TEHeE C = '
(INTH—TURAPFERIZETIT S EEHY FEHA)

reparabton  ~ Operation
n
Parametrizat Done [ | |
tion




il fEl & B 1k

o XIRTEDENMEFRIMEILX., GUI, £=IFIAPILTTFR O %
FRALTETLET

« NanoTube N3 D #I|{HBIEEIE R :

MEEE

ARy fHA4 X

22—y FEHINE

B—Fy FEDRARY FMIE

« NITA—ZDEPHRES &K VREL

FEICKOMAZDBHELGL
hY—FrFaizB L T—EMHEE
(INTA—T AN RRIZETIT A EIEHY FEA)

A":III 1 v

Beam
Plots
va¢ Energy: 160 keV  160.0 keV
2.14e-7
2.12e-7
- E-beam spotsize: 0.30 um 0.31 um
2.08e-7
2.06e-7 Target power: 1.57 W 155W
208e-74 |
6m
e | Power factor: 100 % 100 %
8.735 |
. | Target current: 8.7 uA
g |
8.725 ki )
- Cathode runtime: 167.1 h
8.715
= A St o's Absorbed energy: 7.5Wh
Service Chmate
[.‘i Mark cathode changed l Cooling: On
lu Mark target changed | Water temperature: o 25.0C 250C
Preparation Operation
Quick apply setpoints
v int
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Spot drift over 8 hours
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Demo system 1: Electron|cs/Sem|conductor imaging

mERD . BFHs/ FERRERT
LIZCHBE SN T =XREREZ.
NanoTubeN3[ZE ZH X -E£&ETY,

B LUVIBEIZE->TIEIDSI/ Y

FI4— A A= & THAL:
ZHET,
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Apple Al5 side view

Sample placed standing
up using sticky tack.
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Memory dies

Redistribution layer




HBM memory on Nvidia GV100 ecillum

Cross section of older HBM from
NanoTube, 60 kV 0.6 pm 1.45 W, 30 s exposure Hynix with only 4 layers

Micro-bump
v' Diameter 16um
v Pitch 40pm

Underfill
v Thickness 19um

TSV

v' Diameter 6pum
v Depth 46.5um
v Pitch 40pm

Micro-bump

v Diameter 20um
v' Pitch 55um

ih—in—i—lit—

[0 —— [0 —— [ — ——

—\jp—0— —I—
NI ——IN—It

aN\— -
(8

=\l =Xl —N ——
119 —— 0 -—il{—1it -

ip—Pp—d

Logic Die

Interposer

m*

HBM Stack Cross-Section — Optical View

Fig. 6: AMD/SK Hynix HBM Cross-section 66

Underfill
v' Thickness 33um

-—
e
—_—
=3
s
|
-
_—
T

—_l—— il ———l ——

Flip-Chip Bump
v Size 100pm
v Pitch 200um
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HBM memory on Nvidia GV100

Competitor Transmission Tube 80 kv

NanoTube 60 kv

67
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TATEH##2 -Nano CT R T L

Demo system 2: Nano-CT

Excillum (Sweden) DS HRTIE
NanoTube N3 & S ¥5 E 4 [EE5 X
T—U % BAT-ERBEDNano
CToRTLMTEVRRL—
a3 UHHAREETY,

WS OMREBRZHELTHEY
FI D, BEFRFLIAADIERT
%_ﬁ’&ﬁﬁﬁ LTHOZHALERET
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Electronics Imaging XE S AEYO—BES Y TR —(

(black carbon rod has 2 mm diameter)
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Experimental arrangement

e Source: NanoTube N3

* Detector: Dectris Eiger 1M CdTe, 75
um, 1028 x 1063

* LABRT100-S rotation stage

 Source-to-Detector: 343 mm

* Source-to-Sample: between 16.6
mm and 1.9 mm.
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Electronics Imaging

Overview Scan

« WRIR-H 2 TJILREEEEE - 16.6 mm, M2
IR 7 e - L memory

« FR{RE3.5 um voxels

Silicon Interposer{

3D render of reconstructed volume

Substrate

eillum

Slice through volume showing all layers

Micro bumps
~16 um diameter

Micro bumps
.~ ,~20 um diameter

C4 Cu bumps
~100 um diameter
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Electronics Imaging

ROl scan o ) o s Connection
+ BRIR-Y 2 T)LEERE ; 1L9mm, X#RRAR Y YA X 500nm  to interposer

« HBM2 *EYRE®D. 4D microbumps & TSV
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Electronics Imaging
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ntCT: 7 5 ) > ik— 7T 7 — EZRT (Wiirzburg)

ProCon X-ray GmbH [Z & Y HrFE &

Direct Counting

o Sample Manipulator Detector
= ) ] Rotation Stage ,

i) ‘ﬁ
L / : S
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More serious sample preparation

NAND memory in SanDisk 32 GB micro SDHC UHS-I

(a)

(b)

Seite 75  22.09.2022 © Fraunhofer IS



eillum

Dominik Mller et, al., Crystals 2021, 11, 677 ’ ;IilimmhlllU“llliimmilllmiolHUMNilllitﬂ-{l(ilﬁﬂlﬂn_rlllmlhdhl}n

NAND memory in SanDisk 32 GB micro SDHC UHS-I




NAND memory in SanDisk 32 GB micro SDHC UHS-I

Dominik Mduller et. al., Crystals 2021, 11, 677

9/22/2022
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Battery Imaging




Ny TIY—hY—E (EHE) OHEMEE excillum

Battery cathode imaging

« 80kv, AR k¥4 X :500nm, 1.8 W

o RXF v UFEM : 5 x 6000 projections = 8.33 FH
o RBE-Y 2 TILHEER~= 1.6 mm.

o HRE-FRHIFMEER =341 mm

* Magnification =213

 Effective pixel size = 350 nm

cobalt oxide cathode active matenal

%E',MK (Al Al cathode
#910pum

EWEYME
(LiCo02)

/NL—4

BFHEMBEEZICKL HHER
Excillumft T E# #1IC X HER Image copyright - Tech Insights: https://www.techinsights.com
X#RNano-CTO B BHEMMN o DIEENDR T4 AE
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Additive manufacturing

« HOEIRICHFE SN FMEAE

EIZEYREEINE-RATL Reconstructed orthogonalslice 3D render
AM=R

Metal spheres
* Acquired at 80 kV with 1 um A
Ry bHAX

s AFXvYABAAL 17157
« RYEIJLHY A4 X600nm

Sample in front of the source Zoom on sample

Needle
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TTATAIR=ZAT70F x0T (HmE&E

Additive manufacturing

Metal grains
colored by
volume (blue
tored)

ncy (%)
»

Volume
Histogram

Data processed with ORS Dragonfly.
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Additive manufacturing , — High resolution to separate the grains

Needle

Void
between
grains

8 um
diameter
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Bio-Imaging

0.5 mm biopsy punch from a paraffin embedded cow lung
640 nm voxel size
18 h scan time

Phase-contrast reconstruction

eillum
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Success is built on collaborative partnerships

2

ST OE= sclentaomicron /\—7 Anton Paar
) NanoLab PROTO = E% R
()EXCISCOPE @ Quantum Design
A LN
¥ xenocs @ mrar X perits UNITE

Exploring the very small o g o W TNETR

85
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Excillum OXERIE F&H

Metallet .5.5-:
HEATRLADZINTA VAT +—HAXERR

i R -
=ECT

s BRRETFITAHLVLT TV r—ay

NanoTube s, >.—5
HATR/IPNDXBEARY FDF/ TA—HAXEER

It FA
SRGBE (1500m) M A—228
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TEZ AW

Contact us for a demo!

71
\No1 8

PEILEHLEIFIE LA
(1) o TILEHEEY FZE0N, shiho.tanaka@excillum.com
MATAE L THERZEEYNV=LET,
(2) BEfEIAFBHL FZEN,
HUTILOEERBFEVDOREBEEGEZEELEEL, AIEEZEFEVWV:=LET,

2D 7/ HIFE MetalJet &3E CT
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Thank you for your attention
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As pioneers of the world’s brightest
microfocus X-ray sources, Excillum is
relentlessly Eushmg the limits of X-ray
source technologies to enable new
breakthroughs in manufacturing, science
and medicine.
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